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Preface 





The subject of salmonid histology has received only limited trea. nent in most works on 
comparative vertebrate histology. N. Kawamoto and Y. Fukuda (1969) ,,rovided line drawings 
of electron micrographs of various species of fish in their “Illustrations of fish histology by 
electronmicroscopy (Osteichthyes).” More recently, three books on fish histology have been 
published: “Atlas of trout histology,’ by B. G. Anderson and D. L. Mitchum (1974); “Anatomy 
and histology of the channel catfish,” by J. M. Grizzle and W. A. Rogers (1976); and “His- 
tology of the striped bass,” by D. B. Groman (1982). The book by Anderson and Mitchum 
serves as a general introduction to the subject, whereas the present work is intended to meet 
an expressed need for a detailed illustrated manual of salmonid histology. This project was 
begun more than 10 years ago in response to numerous inquiries about a source of informa- 
tion on the microscopic anatomy of salmonids, from researchers, professors, students, biolo- 
gists, and others in fisheries and related fields. 

The strength and value of an atlas such as this obviously lie in the quality of the 
photomicrographs; therefore we selected our illustrations with special care. They include 
50 plates in black and white, supplemented by 12 in color, all with detailed captions. Many 
significant structures or areas are shown at high magnification. The text of each of the 13 
chapters has been generally limited to introductory comments. Because we consider the 
bibliography to be an essential part of this atlas, we did not limit references to those men- 
t oned in the text, but provided additional selected literature citations at the end of each 
chapter as sources of more detailed and specific information. A description of fixing and 
staining procedures in the appendix is followed by a subject index. 
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Chapter I 





Introduction 


Histology and histopathology play important roles in the 
fields of human and animal medicine. Their use in fishery 


research and diagnosis, although not new, has not been 
extensive. The emerging interest in this use during the last 
10-15 years was evidenced by an international symposium 
on the pathology of fishes, held in Washington, D.C., in 
1972. The publication resulting from that meeting, “The 
pathology of fishes” (Ribelin and Migaki 1975), was nota- 
ble in that most of the papers concerned some aspect of fish 
histopathology 


The rainbow trout (Salmo gairdneri) is used in this book 
primarily because the authors are most familiar with this 
species. It was originally found in the drainage waters of 
the Pacific coast of North America, and was distributed by 
man to all suitable waters of eastern North America and 
to mast of the suitable waters of all the continents of the 
world except Antarctica (MacCrimmon 1971). The rainbow 
trout is used as an experimental animal by an increasing 
number of laboratories (Hendricks et al. 1980). Decause it 
is domesticated, it is usually obtainable at any time of the 
year. It is one of the major fish species, especially in the 
United States, used in studies of toxicity, nutrition, the en- 
vironment, disease, and genetics. The species is propagated 
and : eared by a number of governmental agencies for sport 
fishing and by many commercial trout farmers for 


A salmonid fingerling is an ideal animal for the app!ica- 
tion of histological techniques. We have found that there 
is little difference in the basic histological characteristics 
of salmonids of different species. The amount of calcium 
in the bones is less in salmonids than in most other families 
of teleost fishes. Bouin's fluid is our choice of fixative for 
routine histological examination becaus: its components, 
acetic and picric acids, decalcify bone adequately to mini- 
mize sectioning problems, particularly when sagittal sec- 
tions of whole small fingerlings are cut. When desired, this 
type of section gives the histologist or pathologist the added 
advantage of viewing the whole animal on a slide. It is read- 
ily apparent that there are general similarities among most 
animals ir. fundamental cytological morphology (Plates 1, 
2). General mid-saggittal anatomical features are shown 
in Plate 3. Tissues fixed with Bouin's fluid also seem to stain 
more vividly with routine histological stains such as hema- 
toxylin and eosin. The fixation procedure for routine histo- 
logical examination used in most of the tissues included in 
this text is outlined in the Appendix. The importance of 
proper tissue preperation before histological analyses can- 
not be overstressed (Bucke 1972). 





Most of the photographs in this book were made from 
tissues fixed in Bouin's fluid, embedded in paraffin, and 
stained with hematoxylin and eosin. A few of the illustra- 
tions are of materials fixed in Bouin-Hollande fluid and 
stained with Masson's trichrome. Blood smears and kidney 
imprints were stained witi. Leishman-Giemsa and peroxi- 
dase (technique described in Appendix). 

The bibliographies for Chapters VI, VII, and VIII, 
“Cardiovascular System,” “Blood,” and “Hematopoietic 


and D. L. Mitchum. 1974. Atlas of trout histol- 
Dep., Bull. 13. 110 pp. 

W. 1959. fextbook of comparative histology. Oxford Uni- 
. York. 652 pp. 

and C. P. Hickman. 1974. Histology of the verte- 
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logical and histological changes during the gowth anc starva- 
tion of herring and plaice larvae. Mar. Biol. (Ber!) 35: 15-118. 


. Fish Biol 4: 193-232. 


Holmgren, N. 1943. Studies on the head of fishes. An embryologi- 
and phylogenetical study. Part IV. General 
of the head in fish. Acta Zool. (Stockh.) 24: 1-188. 
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Leeson, F. S., and C. R. Leeson. 1979. A brief atlas of histology. 


for the assessment of the effects of environmental stress on fish 

. U.S. Fish Wildl. Serv., Tech. Pap. 89. 18 pp. 

EM. W. T. Yasutake, J. E. Halver, and A. N. Woodall. 

1960. Chemical and histological studies of wild and hatchery 

salmon in fresh water. Trans. Ain. Fish. Soc. 89:.301-307. 
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Plate |. Head of rainbow trout. Sagittal section of a |-month-old rainbow trout. « 45. 
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Plate 2. Tissues of head. Frontal section through the head of 2 1-month-old rainbow trout. « 50. 
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Plate 3. Internal anatomy of a 10-month-old rainbow trout. (Photo by C. L. Johnson) 
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Chapter II 
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Supportive Tissues 


Supporting and connecting tissues can be divided into 
three categories: fibrous connective tissue, cartilage, and 
bone (Harder 1975). The notochord may constitute a fourth 
category. The first three types of tissue consist mainly of 
intercellular substance, the nonliving material found be- 
tween cells; in contrast, the matrix of the notochord is intra- 
cellular. The intercellular substance is fibrous and soft in 
the fibrous connective tissue, elastic in the cartilaginous tis- 
sue, and hard in bone. All of the supportive and connec- 
tive tissues are embryologically formed from the mesoderm. 
Connective tissue functions chiefly to connect the three tis- 
sues of the body — epithelial, muscular, and nervous. 

Fishes have more kinds of supportive tissue and more 
kinds of tissues intermediate between cartilage and bone 
than any other vertebrates (Harder 1975). In this chapter, 
we briefly discuss cartilage, bone, notochord, and muscle. 


Cartilage 


Cartilage forms the structural elements of the skeleton 
in embryonic and very young trout, and almost disappears 
in older fish. It is a specialized form of connective tissue, 
consisting of cells (chondrocytes) surrounded by a matrix 
of collagenous fibers and a ground substance known as 
chondroitin sulfate. Initially an aggregation of mesenchyme 
cells become specialized as chondrocytes. These early chon- 
droblasts multiply to form a compact mass of cartilaginous 
tissue (Kendall 1940). Eventually, as the basophilic matrix 
accumulates around the chondrocytes, these cells become 
isolated in lacunae, which appear in sections as clear, more 
or less spherical spaces. Surrounding the cartilaginous ele- 
ments is a perichondrial sheath composed of fibroblasts and 
collagenous fibers. 

Cartilage can be roughly divided into three major types: 
hyaline, elastic, and fibrous. Of the three, hyaline is the 
most common and most typical of the cartilages (Plate 4, 
Fig. 4). 


Bone 


Histologicaily, fish bones are basically similar to those 
_of higher vertebrates. Unlike mammals, however, fishes do 
not have any hematopoietic elements within the bone. In 
general, there are two types of fish bones, cellular and 
acellular. Cellular bone contains osteocytes and is found 
in lower orders, such as the Salmoniformes, which includes 
the trouts. Fish of higher orders, such as the Perciformes, 


usually have acellular bones, which are characterized by 
a lack of osteocytes (Moss 1961, 1963; Roberts 1978). 
Bone histogenesis takes place in two forms, direct and 
indirect. In direct bone formation, the bone is formed in 
association with the dermis; in indirect bone formation, it 
is formed by the perichondral ossification of the hyaline 
cartilage (Grizzle and Rogers 1976). The osteoblasts of the 
periosteum do not leave cavities as they become enclosed; 
the spaces originally occupied by these cells are filled with 
a “bony” substance, largely calcium phosphate. The gill 
arches of trout are of cellular bone. Here the osteocytes are 
enclosed in the calcified intercellular substance, as in higher 
vertebrates (Harder 1975). The bone of fishes is vascularized 
by blood vessels located in strands of connective tissue. 


Notochord 


The superficial appearance of notochordal tissue (Plate 
4, Fig. 1) is similar to that of adipose tissue. Kendall (1940) 
observed that the cells that form the notochord resemble 
fat cells because they result from the accumulation of intra- 
cytoplasmic fluid in the cells. This fluid in turn causes the 
vacuole to occupy almost the entire cell, thus forcing the 
nucleus and cytoplasm to the periphery of the cell. Cells 
resembling epithelial cells usuaily line the inner surface of 
the notochord. This cell layer is surrounded by an elastic 
membrane layer made up of fibroblasts and fibrous tissue, 
which are associated with formation of the vertebral 
column. 


Muscle 


Fish and other higher vertebratzs have three types of 
muscle cells: (1) the striated, unbranched, “voluntary” 
musculature (Plate 5), which forms the greatest volume of 
tissue in the trout; (2) the cardiac musculature, also con- 
sisting of striated fibers, but which are branching and “in- 
voluntary”; and (3) the smooth unstriated, “involuntary” 
musculature, much of which is in the wall of the gastroin- 
testinal tract. 

The striaced muscle cell of the body musculature, or the 
skeletal muscles, is multinucleated (Plate 5, Fig. 3). The 
nuclei lie just beneath the membranous sarco!emma that 
sheathes the cell. Each cell contains several longitudinal 
myofibrils, each of which comprises several myofilaments. 
The myofibrils can be seen by light microscopy, but myo- 
filaments are visible only by elecitonmicroscopy. The stria- 
tions that characterize this tissue originate from each of the 
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parallel fibrils; the bands are in alignment and thus produce 
a band effect on the entire cell. 

The striated muscle fibers of the heart are unlike those 
of tne body musculature in that they are branching and 
anastomosing. They do not lie parallel to une another, and 
several planes may be seen when the hea:t muscle is sec- 
tioned for microscopical study. Another in portant differ- 
ence is that the nuclei are located at regula: intervals near 
the center of the cell, rather than just beneath the sarco- 
lemma. Cardiac muscle cells lie end-to-end, rather than 
as the single, long slender units seen in the boay muscula- 
ture. 

Smooth muscle cells are long and tapering and are not 
attached to one another end-to-end. They are without stria- 
tions and thus are said to be “smooth.” The nuclei are also 
long and tapering. If they have contracted, they may 
appear “wavy.” Within the bundles, the cells of smooth 
muscles are parallel, but in adjacent bundles the cells may 
lie at right angles. Not only is smooth muscle found in the 
walls of all parts of the gastrointestinal tract, but also in 
the walls of blood vessels, especially arteries, and to a lesser 
extent in glands. 

A conspicuous feature of the body musculature of most 
fish is the band or layer of red muscle lying medially just 
beneath the skin. The histogenesis of the “red” and “white” 
muscle fibers of the rainbow trout was studied by Nag 
(1972), who stated that these two kinds of muscles are in- 
volved in two kinds of swimming activity; the white fibers 
are related to short, strong bursts of motion, and the red 
fibers to more sustained activity. The red muscle tissue has 
a higher lipid content than the white tissue, and a larger 
number of mitochondria per cell. 
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Plate 4. Cartilage and Bone 


Fig. 1. Cross section of the dorsal half of the body of a 3-month-old rainbow trout. This section was made just anterior to the dorsal 
fin. x W 


a Spinal cord 

b. Vertebra. showing the dense cartilaginous rim (which will become calcified), and a deeply stained inner rim or sheath, 
which surrounds the large. vacuolated cells of the notochord 

c. Dorsal aorta 

d. Posterior cardinal vein 

e. Kidney 

{. Dorsal surface of air bladder 

¢. Dorsal aorta ligament. The distortion of the ligament in this section is an artifact 

h. Striated muscle fibers 

2 


Fig. 2. Crows section of the inferior longitudinal ligament of a 3-month-old rainbow trout. « 250. 
a. Chondroid-like cells 

bo Sheath of connective tissue surrounding the ligament 

¢. Inferior longitudinal ligament composed of many bundles of collagenous fibers 

d. Blood cells in aorta 


Fig. 3. Cros section of a 3-month-old trout. « 3 


a Notochord 

b Matrix of chrondrocytes 

c. Dorsal aorta ligament 

d Median aorta containing blood cells 
e. Posterior cardinal vein 

{. Hemal spine 


Fig. 4. Symphysis of mandibular cartilages of a |-month-old rainbow trout, showing both hyaline and elastic types of cartilage. 
» Hn) 


a. Mitotic figure of dividing cartilage cell (hvaline) 
b Mandibular cartilage (elastic) 
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Plate 5. Muscle 


ig. 1. Median section of the dorsal fin and musculature of a 2-month-old rainbow trout. showing the arre agement of septa between 
the mvyomeres, and the muscles of the dorsal fin ravs. « 50 


Erector dorsalis 
b. Depressor dorsalis 
c. Myosepta 
d. Myomere 


Fig. 2. Cross section of the body of a 2-month-old rainbow trout, immediately behind the head. in a scaleless area. « 560 





a. Mucous cell 

b. Epidermal cell nucleus 

¢. Basal laver of epithelium (basement membrane lies directly beneath the epithelium) 
d. Dermis 

e. Fibrocyte nucleus 

{. Endomvsium 

g. Cros section of muscle fiber 

h. Muscle cell nucleus 


Fig. 3. Striated muscle fiber of the dorsal musculature. Fresh tisue photographed by phase contrast. « 1400 
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The skin of fishes, like the skin of other vertebrates, pro- 
vides protection from outside physical, chemical, and bio- 
logical incursion. It is composed of two layers, the epidermis 
and dermis (Diagram 1; Plate 6, Fig. 1). The thickness of 
the epidermis of the trout varies greatly, depending on the 
part of the body, age, sex, maturation, and environmental 
stresses (Stoklosowa 1970; Harris and Hunt 1975a, 1975+; 
Pickering 1977). The epidermis of a yearling rainbow trout 
is 5 to 10 cells thick; it consists of outer squamous and 
cuboidal cells and a basal layer, the stratum germinativum, 
that gives rise to the differentiated cells (utside it. 

At least six types of cells have been desc: ibed in the epi- 
dermis of teleosts: (1) filament-containing or Malpighian 
cells (Bullock and Roberts 1975; Henrickson and Matoltsy 
19684); (2) the mucous cells (Henrickson and Matoltsy 
1968b; Harris et al. 1973; Pickering 1974; Harris and Hunt 
1975b; Pickering and Macey 1977); (3) chemosensory cells 
(Whitear 1971); (4) club cells (Henrickson and Matoltsy 
1968c); (5) granule cells (Roberts et al. 1971; Blackstock 
and Pickering 1980); and (6) chlorive cells (Henrickson and 
Matoltsy 1968c; Lasker and Threadgold 1978). A fila- 
ment-containing cell is the primary parenchymal cell of fish 
skin and contains aggregates of 75°A diameter filam~ats. 
In most species of fish, these cells do not keratinize 
(Downing and Novales 197la, 1971b); consequently the 
outermost epidermal layers consist of living cells in contrast 
to the keratinized cel] ghosts that make up the surface layers 
of the skin of other vertebrates. In a few species of fish, 
however, the epidermis on the protruding integumentai 
areas is covered with a layer of keratinized cells (Mittal and 
Whitear 1979). In trout the outer cell membrane is a 
boundary between the skin and the environment, and has 
convoluted microridges at that boundary (Plate 6, Fig. 2). 
In a sense, the microridge pattern is like a “thumbprint”; 
it is unique for each family of fishes and may prove to be 

species specific. The functional of the micro- 
Toesettitheincen, taney deestiatamentonte 
in holding mucous secretions to the skin (Hawkes 1974a). 
Similar surface foldings, presumably performing the same 





function, are found on the epithelium of the gills and 
cornea. 

Mucous cells begin differentiating in the stratam 
germinativum and migrate to the surface of the skin to dis- 
charge their secretions. Packets of mucus are bound by 
membranes and progressively fill the cell (Plate 7, Fig. 2) 
during the upward migration. At the skin surface, the 
mucous cell, a holocrine gland, pushes between the kera- 
tinocytes, discharges its entire contents, and dies (Van 
Oosten 1957; Brown and Wellings 1970) 

The dermis, a skin zone between the epidermis and 
underlying muscle (Diagram 1; Plate 6, Fig. 1; Plate 7, Fig. 
1), is composed of layers of elaborate arrays of connective 
tissue. An upper (outer) layer is the stratum spongiosum, 
composed of loose bands of collagen, fibroblasts, and pig- 
ment cells. Directly beneath is the stratum compactum, pri- 
marily a non-cellular layer, where a few fibroblasts inte-- 
sperse between orthogonal bands of collagen. The “ply- 
wood” structure of the stratum compactum provides struc- 
tural rigidity from stresses impinging on the skin and yet 
allows flexibility because tke sheets of fibers at right angles 
can slip past one another during deformation. 


Scales and Pigment Cells 


Additional protection is provided by the scales (Plate 7, 
Figs. 1 and 3), which are cycloid (ovoid with smooth 
border) in trout and other salmonids and are considered 
more primitive than the ctenoid scales (with spinelike 
posterior ridges) of higher bony fishes. Trout scales are 
translucent, flexible plates that arise in the dermis (stratum 
spongiosum) and project at an angle into the epidermis. The 
outermost edge is covered with epidermis and a fold of 
dermal tissue. 

Three kinds of pigment cells in the dermis (Plate 8, Figs. 
1-4) are associated with each other to form a functional 
chromatophore unit (Hawkes 1974b). These cells are dis- 
tinguished on the basis of their inclusion granules: (1) the 


which reflect light, giving the fish a shiny appearance (see 
Bagnara and Hadley 1973, for review). The iridophores are 
clustered in groups of 2 to 10 cells with one to three asso- 


cells. The xanthophores occur at several depths through- 
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Diagram |. Scaled skin of coho salmon ( 











kisutch), showing the major skin zones and distribution of chromatophores 


Oncorhynchus 
melanophore (m), iridophore (1), and xanthophore (X). « 75 (Adapted from Hawkes 1974a) 


out the dermis, and are not closely associated with the 
clusters. 

The chromatophores respond in concert to environmental 
and physiological stimuli to produce a change in color. 
When the fish skin appears dark, the light is absorbed by 
melanin in the melanophores before it reaches the 
iridophores. Conversely, when the skin appears light, the 
melanosomes are aggregated near the melanophore cell 
body below the iridophore and the incoming light strikes 
the guanine platelets and is reflected. 

Beneath al! these supportive and strengthening tissues, 
at the deepest level of the dermis, is the subcutis or hypo- 
dermis, a loose connective tissue layer. Numerous pigment 
cells, fat cells, small blood vessels, and nerves are present 
in the hypodermis, which borders the muscles beneath. 
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Plate 6. Skin 


Fig. 1. Scanning electron micrograph of the skin of a coho salmon (Oncorhynchus kisutch). Part of the tissue had been trimmed in 
a cryostat so that both the uncut surface (OS) and a cross-sectional surface are exposed. = 200 


a. Edge of scale covered with epidermal cells 

b. Sectioned edge of epidermis 

c. Sectioned edge of scale 

d. Sectioned edge of muscle 

Inset: Magnification of the stratum compactum, showing the orthogonally arranged collagen. = 1,200 


Fig. 2. Scanning electron micrograph of the epidermal surface of a rainbow trout. Individual filament-containing cells have 
microridges on their surface, and their boundaries are delineated by a continuous circumferential microridge. The tops of mucous glands 
(arrows) squeeze between the filament-containing cells to gain access to the surface. x 2,500. 
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Plate 7. Skin and Scales 


Fig. 1. Cross section of the skin from the dorsal surface of a yearling coho salmon. The mucous glands (a) are midway in their transit 
through the epidermis. The pigment cells (arrows) are located in several strata of the dermis. x 300. 


a. Mucous cell 
b. Scale 

c. Stratum spongiosum 
d. Stratum compactum 
e. Muscle 


Fig. 2. Cross section of a mucous gland from an adult rainbow trout. The membrane bound packets of mucin break down as 


the contents of the cell are emptied. Transmission electron micrograph. = 6,400. 


Fig. 3 |cale of a rainbow trout, 16 months old, reared in a hatchery at a constant temperature of 12.5° C. The annulus, which might 
hb. found on the scales of a wild trout, is absent because growth rate was uniform. Inset is the scale of a 5-month-old rainbow trout. 
x 40. (Photo by J. H. Wales.) 


a. Point of origin (nucleus) 
b. Exposed, pigmented portion. Arrow indicates one of the circuli. 
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Plate 8. Pigment Cells 


Figs. 1 and 2. Chromatophores of a living coho salmon fingerling after treatment with 0.1M KC] (Fig. 1) and 0.1M NaC! (Fig. 2). 
In Fig. | the segment granules in the melanophores (dense black) and the xanthophores (box) are aggregated. Iridophores (arrow) 
are associated with the melanophores. In Fig. 2 the melanosomes fill the dendritic arms of the melanophores after treatment with 
NaCl. x 130. 


Fig. 3. Cross section of unscaled skin from the head of a coho salmon. Chromatophore unit clusters are present in the dermis in large 
clusters (white arrowhead) and small clusters (black arrow). = 300. 


a. Epidermis 
b. Dermis 


Fig. 4. Cross section of a chromatophore unit in the dorsal, scaled skin of a coho salmon. The globular iridophore typically contains 
clusters of mitochondria, guanine platelets, and a lavge nucleus. The iridophore is partly encircled by the dendritic arms of a 
melanophore. The melanophore is filled with dense pigment granules. « 6,500. 


a. Mitochondria of the iridophore 
b. Reflecting platelets of the iridophore 
c. Melanophore 
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Chapter IV 





Digestive System 


A number of light and electronmicroscopic studies con- 
cerning various aspects of the digestive tract of fishes have 
been reported (Weinreb and Bilstad 1955; Burnstock 19594, 
1959b; Bullock 1963; Yamamoto 1966; Iwai 1968a, 1968b; 
Kimur: ‘973; Anderson and Mitchum 1974; Kimura and 
Kudo 1975; Ezeasor 1978, 198la, 1981b; Ezeasor and 
Stokoe 1980¢, 1980b). Many of these deal specifically with 
trout. 

As in most carnivorous fishes, the digestive tract (gut) 
of trout is a relatively short, simple tube. The short esopha- 
gus joins the J-shaped stomach posteriorly. The longer 
anterior arm of the stomach is the cardiac portion and the 
shorter, posterior portion is the pyloric portion. Weinreb 
and Bilstad (1955) referred to the mid-area of the stomach, 
where the curvature occurs, as the transitional region. 
Immediately posterior to the stomach, and at the anterior 
end of the intestine, is a cluster of fingerlike diverticula, 
the pyloric caeca. The intestine forms a short bend at its 
anterior end, then continues as a straight tube to the vent 
or anus (Diagram 2). 

The intestine of the trout is divided into two portions, 
often called the anterior and the posterior halves. Because 
of the significant differences between these halves in 
morphology, histology, and physiology, it seems desirable 
to use distinctive names for each part. Both Burnstock 
(19594) and Bullock (1963) termed the more slender anterior 
half the intestine, and the enlarged posterior portion the 
rectum. There is also some justification for naming these 
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two portions the small intestine (anterior) and the large in- 
(1955) in calling the anterior portion the ascending intes- 
tine and the posterior portion the descending intestine. 


Oral Cavity 


Teeth and taste buds are found primarily in the oral 
(buccal) cavity and the epidermal area of the pharynx 
(Plates 9 and 10). Although most fish do not have salivary 
glands (Anderson and Mitchum 1974), certain mucus secret- 
ing cells can be seen histologically. They often appear as 
vacuolated cells throughout the digestive tract, skin, and 
epidermis of the gills. In the “typical” teleost, the exposed 
surfaces of the teeth are covered with a highly mineralized 
substance known as enameloid (Poole 1967; Shellis and 
Miles 1974). This material differs microscopically from the 
enamel of higher vertebrates in that the enameloid is pene- 
trated by fibers and cell processes from the dentine. In fishes 
the dentine is not as clearly differentiated from the 
enameloid as it is from the enamel in higher -ertebrates. 
Shellis and Miles (1974) used the stainability of enameloid 
matrix with hematoxylin as an indicator of the onset of min- 
eralization. The cells at the “base” of the tooth, where it 
contacts the dental papilla, are known as odontoblasts. 
These cells and those of the inner dental epithelium con- 
tribute protein to the enameloid matrix before mineraliza- 


tion begins. 
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Diagram 2. Internal organs of a rainbow trout. (Adapted from Wales 1957) 
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Esophagus 


The esophagus of rainbow trout consists of the four layers 
usually found in the alimentary tract of higher vertebrates: 
mucosa, submucosa, muscularis, and serosa (Weinreb and 
Bilstad 1955; Plate 11). The mucosal surface is undulated 
by large folds. These individual folds additionally contain 
many secondary folds (Plate 11, Fig. 3). Two glandular 
tissues occur in the mucosa: esophageal and serous cardiac. 
The mucus-secreting esophageal glands are anterior to the 
pneumatic duct and the serous glands are posterior to the 
duct and are “continuous with the similar glands of the 
cardiac stomach” (Weinreb and Bilstad 1955). Some investi- 
gators have reported the absence of submucosa, muscularis 
mucosa, stratum compactum, or stratum granulosum in the 
esophagus of brown trout, Salmo trutta (Burnstock 19592) 
and rainbow trout (Anderson and Mitchum 1974). We 
found that, although these features may be lacking in young 
trout 3-4 months old (Plate 11), some elements of most of 
these areas are present in older fish, particularly in the distal 
or posterior end of the esophagus. The submucosa appears 
as a layer of loose connective tissue interspersed with fibro- 
blasts. In the two-layered muscularis, the outer muscularis 
longitudinalis is not as prominent as the thick inner 
muscularis circularis. The serosa is usually thin and com- 
posed of methothelial cells and loose connective tissue. 
Intercellular mucous cells and wandering lymphocytes 
(Pla:e 15, Fig. 4) occur in the surface epithelium through- 
out the intestine. 


Stomach 


The stomach may be divided into three regions: cardiac 
(anterior), transitional (mid), and pyloric (posterior). All 
four layers (mucosa, submucosa, muscular coat, and serosa) 
are found in the stomach. The mucosa of the cardiac region 
(Plate 12) comprises the surface epithelium, the serous 
cardiac glands, lamina propria, stratum granulosum, stra- 
tum compactum, and muscularis mucosa. The cardiac 
glands form gastric pits that frequently extend into one- 
third of the mucosa (Anderson and Mitchum 1974; Plate 
12, Fig. 1). These gland cells are serous and are very simi- 
lar to the chief cells of other animals (Weinreb and Bilstad 
1955). In young fish the stratum granulosum, with its 
granular cells (Plate 12, Figs. 2 and 3), is generally both 
external (stratum granulosum externum) and internal 
(stratum granulosum internum) to the collagenous stratum 
compactum (Kimura and Kudo 1975; Ezeasor and Stokoe 
1980b). In older fish these cells are dispersed among the 
much diffused stratum compactum (Anderson and 
Mitchum 1974). As mentioned previously, this variability 
apparently is a function of age. The staining characteris- 
tics of granular cells also seem to vary with the species of 
fish and techniques used (Weinreb and Bilstad 1955). In 
trout fixed in Bouin-Hollande fluid, these cells are charac- 
teristically cosinophilic when stained with Masson's tri- 





chrome (Plates 14 and 17). Although the function of these 
cells is still not clear, Ezeasor and Stokoe (1980b) suggested 
that they are associated in some way with the body defense 
mechanism. This is an interesting observation, since the 
granular cells are extensively involved in infectious hemato- 
poietic necrosis, a viral disease of trout and salmon. Histo- 
pathological changes in the cells are considered pathog- 
nomonic in juvenile fish affected with the disease (Yasutake 
1975, 1979). 

The muscularis mucosa is a thin layer of smeoth muscle 
fibers. The submucosa adjacent to it is also thin, consist- 
ing mostly of loose connective tissue with some muscle fibers 
and blood vessels. The pyloric region of the stomach is 
basically similar to the cardiac stomach, except that it lacks 
the cardiac glands (Plate 13). Pyloric glands may or may 
not be seen in routine histological sections. 


Intestine 


Unlike the wall of the stomach, the wall of the intestine 
does not include a submucosa or muscularis mucosa. How- 
ever, the stratum compactum and stratum granulosum are 
prominent in the mucosa (Plates 16 and 17). The muscularis 
and serosa of the ascending and descending intestine are 
similar, although the muscularis is a little thinner in the 
latter section. Both the circularis and longtitudinalis muscles 
are much thinner than those in the stomach or the 
esophagus. The goblet cells are much less apparent in the 
descending region. 


Pyloric Caeca 


Since, embryologically, the pyloric caeca are only exten- 
sions of the ascending intestine, the walls of the diverticula 
are histologically similar to those of the intestine; however, 
the caecal wall is generally narrower than the wall of the 
intestine (Plate 15). 


Rectum | 


The outstanding feature of the rectum is the presence of 
the annulospiral septa extending into the lumen (Burnstock 
19592). In young fish, 3-4 months old, the spiraling of these 
septa is less pronounced (Plate 18, Fig. 1). 


Liver 


Grossly, the liver in trout is not generally arranged in 
distinct lobes, as it is in mammals. It is usually close to the 
transverse septum which separates the peritoneal cavity 
from the pericardial cavity (Plate 19, Fig. 1) and is on the 
left side in the abdominal cavity. The tissue morphology 


is highly complicated (Diagram 3). All vertebrate livers are 
constructed on one basic plan. The branching tunneled 
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Diagram 3. Wax-plate reconstruction of normal liver from trout, showing typical arrangement of cell plates, two cells thick. Although 
true hepatic cords are not obvious, neither are they rare, on careful microscopic examination. (Courtesy of Dr. R. C. Simon) 


maze of sinusoids is suspended in an intricate network of 
connecting cells. The cellular wall in fish, unlike the ceilu- 
lar walls in mammalian hepatic tissue, is usually two cells 
thick, as it is in most lower vertebrates (Elias and 
Bengelsdorf 1952; Elias 1955). 

Histologically, the lobules are not as well defined as they 
are in livers of higher vertebrates. Their outlines are dif- 
fuse, but they are readily identified (Simon et al. 1967) by 
the central veins (Plate 19, Fig. 1) and hepatic triads (Plate 
19, Fig. 5). 

The liver is supplied with venous blood by the hepatic 
portal system, coming from the alimentary tract, and ar- 
terial blood from the hepatic artery. After passing through 
the myriad of veins and venules, the blood flows between 
the double-celled laminae or cords (Plate 19, Figs. 3 and 
5), back into the venules and branches of the hepatic veins, 
and thence to the heart. In trout fingerlings, the blood ves- 
sels in the liver are thin-walled; even the wall of the hepatic 
artery is not much thicker than the corresponding vein re- 
turning blood to the heart. However, differences between 
the two systems soon develop and the collagen-filled strands 
of connective tissue thicken, so that in liver sections of 
yearling trout the differences between the arteries and veins 
are readily apparent. The endothelial cell nuclei project into 
the lumen of the arterioles in a unique and characteristic 
manner (Plate 19, Fig. 1). The connective tissue support- 
ing and reinforcing the arterial walls extends out from the 
vessels and lines the wall of the liver cords. In sections 
stained with a tri-chrome technique, these green collag- 
enous “membranes” can be seen between the sinusoids and 
the parenchymal cells of the liver cords. The hepatic paren- 
chymal cells, which compose most of the liver volume, are 


relatively small and stain deeply. These cells are highly 
variable polygons that may be greatly distended by glycogen 
deposits or be free of stored foods. Wide variation in the 
content of these cells is normal, and dissimilarity in liver 
sections from any group of fish is the -ule rather than the 


exception. 


Biliary Tissue 


Partly hidden beneath the liver is the gall bladder, con- 
nected to the liver by the afferent bile duct and to the 
pyloric end of the stomach by the efferent bile duct. The 
ducts of the biliary system are easily distinguished from 
blood vessels by the linings of cuboidal or columnar 
epithelial cells and by the lack of blood cells within their 
lumen (Plate 20). 


Pancreas 


Pancreatic tissue in trout, as in many other teleosts, is 
diffused throughout the adipose tissue that surrounds the 
pyloric caeca (Plates 21 and 22). The major portion of this 
tissue is composed of basophilic cells, which are arranged 
in spherical clusters and morphologically resemble the typi- 
cal vertebrate pancreatic acinar cells (Anderson and 
Mitchum 1974). These triangular acinar cells have basally 
located, well-defined nuclei and nucleoli and apical cyto- 
plasm with many eosinophilic zymogen granules (Plate 
22c). Digestive enzymes secreted from these cells are car- 
ried into the ascending intestine through a series of ducts; 
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therefore it is designated the exocrine tissue, as opposed to 
the ductless endocrine tissue. The digestive enzymes are 
responsible for the breakdown of proteins, fats, and carbo- 
hydrates (Harder 1975). 

The endocrine tissue of the pancreas occurs in micro- 
scopic clusters of glandular cells referred to as islets of 
Langerhans or Brockmann bodies. The shape, size, and 
number of these bodies in the pancreas are highly variable. 
In salmonids they are scattered throughout the pancreas, 
whereas in some fishes, like the channel catfish (Ictalurus 
punctatus) there are aggregations of cells known as “prin- 
cipal islets.” The microscopic structure of the trout islet 
appears as a compact aggregation of glandular cells, each 
with a large, distinct nucleus. Actually the islets are com- 
posed of cords of cells interspersed with blood sinuses. All 
vertebrate islets, except those in the cyclostomes, are gen- 
erally recognized as having three functionally independent 
cell types: glucagon producing A-cells; insulin producing 
B-cells; and islet hormone producing D-cells (Epple 1969, 
1973). The X-cell, a fourth islet hormone producing cell, 
is also believed to occur in many species of fish (Brinn 1973; 
Epple and Lewis 1973). 

Insulin from teleosts differs in its amino acid sequence 
from mammalian insulin; however, the consensus is that 
teleost insulin is necessary for maintenance of the blood 
sugar level. Removal of the islet tissue, where this is feasi- 
ble, leads to hyperglycemia, glucosuria, and an increase 
in liver lipid. In the trout the extremely small size of the 
islets and their wide distribution makes surgical removal 
impossible. Other approaches, such as alloxan injection, 
have led to equivocal results. Administration of exogenous 
insulin has a hyperglycemic effect. Usually the glycogen 
content of the liver and muscle is increased. 

Despite the considerable work that has been done with 
insulin in fish, its physiological role is not yet fully under- 
stood. 


Swim Bladder (Gas Bladder) 


It may seem out of place to include the swim bladder, 
also known as gas or air bladder, among the component 
structures of the alimentary tract; however, this bladder 
is actually a part of the esophagus. A pouch that develops 
from the dorsal surface of the esophagus is open during the 
late embryonic and early post-embryonic periods, and air 
can be gulped from the surface by the young fish and forced 
into the bladder to provide buoyancy. This opening is soon 
closed by the sphincter muscle at its juncture with the esoph- 
agus. Weinreb and Bilstad (1955) noted that “The swim 
bladder consists of three coats: the mucosa, muscular coat, 
and outer fibrous coat” (Plate 23). These coats become 
greatly distended when the bladder is filled with air. Food 
of very young trout occasionally enters the swim bladder; 
it is not digested there, and may serve as a medium for bac- 
terial or fungal infection (Ross et al. 1975). Swim bladders 
of some teleosts have a rete mirabile, a gas secretory com- 
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plex composed of closely associated arteria] and venous 
capillarnes (Jasinski and Kilarski 1971; Crizzle and Rogers 
1976). This tissue is also associated with the choroid ccat 
of the eye (Lagler et al. 1977). 
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Plate 9. Digestive Tract. Sagittal section through the head of a 3-month-old rainbow trout, showing the several regions of the gut 


between the mouth and the junction of the swim bladder. x 35. 


a. Head kidney 
b. Notochord 
c. Spinal cord 
d. Myelencephalon (medulla oblongata) 


e. Metencephalon (cerebellum) 

{. Cerebellar valvula 

g. Diencephalon (between brain) 
h. Mesencephalon (optic lobe) 

i. Telencephalon (forebrain) 

j. 3rd ventricle 

k. Saccus vasculosus 

|. Pituitary 

m. Sino-atrial valve 

n. Atrium 


0. Atrio-ventricular valve 
p. Ventricle 

q. Ventriculo-bulbar valve 
r. Bulbus arteriosus 

s. Gills 

t. Pneumatic duct 
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Plate 10. Teeth 


Fig. 


Fig. 


Fig. 
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Sagittal section through the head of a 1-month-old rainbow trout. x 50. 


. Emerging teeth of the vomer, dentary, and basihyal cartilages 
. A portion of the optic nerve 


Oral cavity 


. Oral valve 
. Longitudinal section of a vomerine tooth of a 3-month-old rainbow trout. x 320. 


Dentine 
Enamel 
Pulp, composed of blood vessels, nerves, and connective tissue 


. Oral epithelium 


. Anterior maxillary tooth (not yet emerged from the dental cup) of a 3-month-old rainbow trout. 


. Odontoblasts 
. Dentine 


Pulp 


. Inner enamel epithelium (ameloblasts) 


Outer enamel epithelium 
Enamel 


x 320. 
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Plate 11. Esophagus 


Fig. 1. Longitudinal section of the esophagus of a 1-month-old rainbow trout. « 100. 


a. Liver 
b. Muscularis of the esophagus 
c. Crypt of esophageal mucosa 
d. Lumen of esophagus 
e. Lumen of cardiac stomach 
Fig. 2. Longitudinal section of the esophagus at the junction of the pneumatic duct. « 100 


a. Muscv!aris 
b. Luvaen of the esophagus 
c. Liamen of the pneumatic duct 


Fig. 3. Cross section of the posterior portion of the esophagus. = 200 


a. Muscularis longitudinalis 
b. Muscularis circularis 

c. Submucosa 

d. Serous cardiac gland 

e. Mucosal fold 
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Plate 12. Cardiac Stomach 
Fig. 1. Cross section of the cardiac stomach of 3-month-old rainbow trout. x 300. 


Lumen of stomach 
b. Columnar cells of the gastric mucosa. 

Note the deeply stained wandering lymphocytes at the base of some of these cells (arrow). 
c Connective tissue of the lamina propria, supporting the mucosal folds and cardiac glands. 
d. Serous cardiac glands 


Fig. 2. Cross section of the cardiac stomach of a yearling rainbow trout. = 200 


a. Serous cardiac glands 
b. Lamina propria 
c. Stratum compactum 
d. Stratum granulosum. The black bodies are clusters of granular cells. 
Fig. 3. Details of rectangular portion outlined in Fig. 2 show the individual granules (d). « 500. (Identifying letters [b, c, d) are 
the same as in Fig. 2.) 
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Plate 13. Pyloric Stomach (1) 


Fig. 1. Cross section of pyloric stomach Mlustrating the mucosal folds or rugae 
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Serosa 

Muscularis bongitudinalis 
Muscularis circularis 
Submucosa 

Stratum granulosum 
Stratum compactum 


Lamina propria 
Lamina epithelialis 


. Detail of Fig. 1. = 100 


Stratum granulosum 
Stratum compactum 
Lamina propria 
Submucosal pit 
Columnar epithelium 


. Detail of upper left central portion of Fig. 2. « 175 


Nucleus of epithelial cel! 
Lamina epithetialis 
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Plate 14. Pyloric Stomach (2). Sagit*al section of the pyloric stomach of a 4-month-old 


rainbow trout. Masson's trichrome stain. ~« 625 


a. SeTOSa 

b Muscularis longitudinalis 
c Muscularis circularis 

d. Stratum granulosum 

e. Stratum compactum 

{. Lamina propria 

g Basement membrane 
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Plate 15. Pvloric Caeca 


Fig. 1. Longitudinal section through pyloric caeca of a 10-month-old rainbw trout. Note the masses of pancreatic and adipose tissues 
living between the caeca. « W 


a. Ditluse pancreatic acinar tissue 


rig 2. Cross sections of pPviorice Cavca § irrounded by masses of pancteatic tissue Note the ducts between the caeca and the pancre at 


tissue (arrows, upper lett « 3 


a Adipose tissue 


b. Pancreatic acinar tissue 


Fig. 3. Detail of prloric caeca. »* 20 


Fig. 4. Detail of pyloric caeca. ~« G00 

a. ScTOSa 

b. Muscularis longitudinalis 
Parasvn pathetic ganglion cell of Auerbach’s plexus 

d. Muscularis circularis 

‘ “Stratum compactum 

{ Lamina propria 
Basement membrane 

h. Nucleus of columnar epithelial cell 

j Mitotic figure of a divicit ve pith lial cell 
Striated border 


k Wandering lymphocyte 
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Plate 16. Ascending Intestine (1) 
Fig. 1. Detail of a cross section of the ascending intestine of a 3-month-old rainbow trout. x 400. 


Fig. 2. Detail of a cross section of the ascending intestine of the same fish. « 1200 


a. Muscularis longitudinalis 
b. Muscularis circularis 

c. Stratum granulosum 

d. Stratum compactum 

e. Lamina propria 

f. Lamina epithelialis 

g. Mucous (goblet) cell 
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Plate 17. Ascending Intestine (2). Sagittal section of the pyloric caeca of a 4-month-old rain- 
bow trout. Masson's trichrome stain. = 2100. 


Serosa 

Muscularis longitudinalis 
Muscularis circularis 
Stratum granulosum 
Stratum compactum 
Columnar epithelium 
Striated border 
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Plate. 18. Descending Intestine 


Fig. 1. Detail of a cross section of the descending intestine (posterior intestine or rectum) of a 3-month-old rainbow trout 


x 125. 
a. Muscularis longitudinalis 
b. Muscularis circularis 
c. Blood vessel 
d. Stratum compactum 
e. Lamina epithelialis 
Fig. 2. Anal region of a l-month-old rainbow trout. « 300 
a. Anal papilla 
b. Lumen of rectal intestine 
c. Lamina epithelialis 
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Plate 19. Liver 


Fig. 1. Liver of a 3-month-old rainbow trout. ~« 175 


a. Central vein with ervthrocvtes 
b. Hepatic sinusoid 


Fig. 2. Longitudinal section of the anterior body cavity of a 4-month-old rainbow trout. « 15 


a. Liver 

b. Lumen of esophagus 
c. Ventricle of heart 

d. Transverse septum 


Fig. 3. Detail of liver parenchyma, showing the characteristic two-cell width of the liver cords. This liver contained few glycogen 
vacuoles, x 450 


Fig. 4. Detail of the liver of a yvoung-of-the-vear rainbow trout. Note the abundance of glycogen vacuoles. « 450 
a. Ervthrocyte in liver sinusoid 


b. von Kuptter cell 
«. Glveogen vacuole 


Fig. 5. Detail of liver of a voung-ol-the-vear rainbow trout. « 450 


a Arteriole 


b. Bile duct 
¢. Hepatic sinusoid 
d. von Kuppfer cell 


¢. Nucleus of bile pre-ductule lining cell 




















Plate 20. Biliary Tissue 
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Call bladder of a 3-month-old rainbow trout. in its contracted state 


Lumen of gall bladder 

Lamina epithelial 

Lamina propria 

Strat un compactum and stratum granulosum 
Muscu. aris 

SeTosa 

Liver 


Detail of Fig |. =« 160 


Lamina epithelialts 

Lamina propria 

Stratum compactum and stratum granulosum 
Muscularis 

SeTosa 


(Cross section of ducts within the liver of 3-month-old rainbow trout 
Arteriole, with ervthrocytes 


Nucleus of bile-duct epithelial cell 
l urmen of brake duct 
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Plate 21. Pancreatic Tissue 


Fig. |. 


b 


Fig. 2. 


Fig. 3. 


Fig. 4 


Mass of pancreatic tissue awociated with islet of Langerham and adiposw cell ~« 


Pancreatic acini 

Isket of Langerhans 
Adipose cells 

Artericle 

Ve with erythrocytes 


Detail of pancreatic acini (dark) and portions of an islet of Langerhans (light). « S00 


Pancreatic acinus 
Ishet of Langerhans 
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Plate 22. Pancreas and Islet of Langerhans. Rainbow trout. 4 months old. Mav-Grunwold 
Ciemsa stain. ~ SOO. 
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Plate 23. Swim Bladder 


Fig. 1. Cr ection of the swim bladder of a 6-month-old coho salmon. The lish was relatively small and the bladder was contracted 
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Chapter V 





Respiratory System 


The respiratory tissues of trout are essentially the same 
as those of most other fishes. Fundamentally the gill is a 
system for bringing the blood hemag}obin into close con- 
tact with the water, so that oxygen can be absorbed and 
carbon dioxide released. This function necessitates exposure 
to the water of a system of capillaries with sufficient sur- 
face area to effect the required gas exchange. This expo- 
sure in turn makes the tissue highly vulnerable to the ex- 
ternal environment. Irritation from toxicants, abrasive 
particles, or parasitic or saprophytic organisms can ad- 
versely affect the gill epithelium and reduce respiratory effi- 
ciency. 

The anatomical structure of the gill is intricate. As shown 
in Diagram 4, each gill arch has double rolls of paired fila- 
ments or primary lamellae. Each filament has a series of 
lamellae or secondary lamellae located anteriorly and pos- 
teriorly, perpendicular to the filament. Detailed gross, 
microscopic, and ultramicroscopic descriptions of trout gills 
have been published by a number of investigators (Morgan 
and Tovell 1973; Olson and Fromm 1973; Cykowska 1978; 
Hughes 1979; Kendall and Dale 1979; Morrison 1979). 

The entire branchial complex is covered with epithelium 
consisting of , dark, chloride and mucous cells 
(Morgan and Tovell 1973). The so-called unspecialized 
epithelial cells function as protection and support. The 
“dark” cells resemble the unspecialized cells, and are scat- 
tered uniformly throughout the epithelium of the filaments 
and lamellae. These two types of cells are not readily seen 
by light microscopy. Large chloride cells are located along 
the entire lamellar epithelium but are more numerous at 
the proximal rather than at the distal end of lamellae (Plate 
24). They are more nearly spherical than other epithelial 
cells and tend to project from the gill surface. Conte (1969) 
stated that “the name ‘chloride’ ceil is a physiological mis- 
nomer because this cell may be involved in the transporta- 
tion of more than one species of ion.” Mucous cells are 
abundait on the surface of the lamellae, appearing as 
granule-filled domes or vacuolated cells in light microscopy 
(Plates 24 and 25). Morrison (1979) described another cell, 
the “dense” cell, in brook trout, Salvelinus fontinalis. These 
cells are apparently similar to chloride cells, but differ in 
having a dark cytoplasm; the apical cytoplasm has large 
round vesicles and large membrane-bound bodies near the 
nucleus. 

Each lamella is composed of a network of interconnected 


spaces separated and supported by pilaster (pillar) cells. 
These spaces are lined with endothelial cells, and these in 





Diagram 4. Schematic diagram of portions of two gill arches of 
a rainbow trout. Solid arrows show direction of flow of water 
across the filaments, and broken arrows show direction of blood 


flow. Abbreviations: gr, gill ray; a, afferent artery; lv, lymph 
vessel; ¢, efferent artery; m, muscle bundles; sl, secondary 
lamella. (Adapted from Morgan and Tovell 1973) 


turn are separated from the double cell layer of epithelial 
cells by the basement membrane. 

Embedded in the superficial tissue of the gill arches are 
those scattered 


laginous rods. In addition to the cells and tissues already 
mentioned, there are two sets of striated muscles — abductor 
and adductor —which spread the hemibranchs apart or 
draw them together. 

A cluster of gill filaments called the pseudobranch is 
attached to the unrerside of each opercie (Plate 25). These 
filaments are different from the primary respiratory gills 
in both structure and function. The tissues are the same 
but the morphology is different (Mattey et al. 1978). In cer- 
tain respects the pseudobranchs are more “primitive” than 
the gills; possibly they are less essential and may be termed 
vestigial. The pseudobranch is apparently the first gill-like 
structure to develop in the embryo, and probably has an 
early respiratory function. In the adults of most bony fishes, 
however, it receives oxygenated blood from the aorta and 
related vessels and also has « direct vascular connection to 


the choroid gland of the eye. The pseudobranch, through 
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Plate 24. Gills 
Fig. 1. Several gill filaments sectioned longitudinally through the cartilaginous supporting rods. « 40 


Fig. 2. A distal portion of one of the filaments shown in Fig. 1. x 20 


a. Pilaster supporting cell 

b. Erythrocyte in lamellar capillary 

c. Nucleus of squamous epithelial cell 
d. Mucous cell 


e. Chloride cells 
Fig. 3. Detail of filament shown in Fig. |. = 600 


a. Pilaster cell 

b. Chondrocyte 

c. Mucous cell 

d. Nucleus of epithelial cell 
e. Two erythrocytes 


{. Chloride cell 


Fig. 4. Cross section of a gill arch of an 11-month-old rainbow trout, showing the supporting cartilage, blood vessels, and branchial 
muscle. « 250 
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c. Efferent filament artery 
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Plate 25. Pseudobranch 


Fig. 1. Longitudinal section of the bead of a |l-month-old rainbow trout, showing the position of the pseudobranch in relation to 
other tissues * 


a Pseudobranch 


b. Gilk 
q Brain 
d. Eve 


e Operculum 
Fig. 2. Peewdobranch of a l-month-old rainbow trout similar jo that shown in Fig. 1. « 200 


Fig. 3. Detail of a peeudobranch of a 9-month-old rainbow trout. « 5) 


a. Nuclei of the pilaster cells 
b. Nuclei of epithelial cells 


Fig. 4. Detail of pseudobranch shown im Fig. 2. « 50 


a. Portion of the cartilaginous supporting rod 
b. Erythrocytes within the afferent vewe! 

c. Nucleus of epithelial cell 

d. Nucleus of pilaster cell 

e. Erythrocytes in lamellar capillary 
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Chapter VI 





Cardiovascular System 


The circulatory system of fish is anatomically simple. 
compared with that of higher vertebrates. The blood cir- 
culates from the heart to the gill arches, where it becomes 
oxygenated primarily by diffusion through the epithelium 
of the gill lamellae. It is distributed by way of the aorsal 
aorta to the arteries and peripheral capillaries and returned 
to the heart through the venous system. As in most lower 
vertebrates, the blood flowing through the fish heart is 
partly unoxygenated. Satchel] (1971) gave a comprehen- 
sive description of the fish circulatory system. A semi-dia- 
grammatic drawing of the principal features of the sal- 
monid cardiovascular system (from Smith and Bell 1975) 
reproduced in Plate 26, shows the detailed vascular distri- 
bution 


Heart 


The heart of trout, like that of all teleosts, is usually de- 
scribed as two chambered; however, it essentially consists 
of a series of four chambers (Randall 1968, 1970). Blood 
flows sequentially through four regions. sinus venosus, 
atrium, ventricle, and bulbus arteriosus (Diagram 5. Plate 
26) The walls of these chambers are made of three layers: 
an inner endocardium, continuous with the arteriovenous 
system, a medial myocardium; and a peripheral pericar- 
diurn The endocardium consists of an endothelium and a 
subendocardium of loose connective tissue that attaches the 
endocardium to the myocardium. The myocardium is com- 
posed of typical vertebrate cardiac muscle, although the 
indi dual muscle fibers are usually srnaller in diarneter than 
they are in higher vertebrates (Kilarski 1967). The peri- 
cardium consists of two layers: the visceral epicardium, a 
single layer of mesothelial cells and underlying connective 
tissue that encloses the heart, and the parietal pericardial 
sac, in which the heart is suspended. 

The sinus venosus is a thin-walled structure that receives 
venous blood from the hepatic veins and the paired ducts 
of Sr ter or the common cardinal veins. It is lined in- 
ternally by endocardium and externally by epicardium, 
both being one cell thick. The matrix of the sinus venosus 
wall is composed primarily of connective tissue, plus occa- 
sional isolated myocardial cells The sino-atrial junction 
does not contain a morphologically distinct pacemaker 
region, although dense innervation of the region suggests 
that it functions in this capacity (Santer and Cobb 1972). 
The sino-atria! valves consist of a cardiac muscle and con- 
nective tissue core, lined with endothelium. 





Diagram 5. Trout heart Arrows show direction of blood flow 
(From Randal) 1968) 


The atrium: is also thin-walled but consists of a continuous 
myocardium sandwiched between the endocardium and the 
epicardium. Trabeculae, which originate in the outer wall, 
are also lined with the endocardium (Plate 27, Fig. 1). The 
nonmuscular, connective-tissue structures lined with endo- 
cardium 

The heavy-walled ventricle of the trout consists of two 
layers of myocardium, in addition to the inner endocardiut.. 


myocardial layers. Ostadal and Schiefler (1971) concluded 


that only large, heevy fish have the compact outer layer. 
Small fish have only the trabecular layer, the basal ceils 


the ventricle into the bulbous arteriosus (Plate 27, Fig. 1). 

The fourth heart chamber, the bulbus arteriosus (Plate 
27, Fig. 1), is a white, pyriform structure that contains no 
cardiac muscle Its walls are made up of elastic connective 


tween which radial bands extend (Plate 28, Figs. 3 and 4). 
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This arrangement allows for distention and elastic recoil 
to assist in the propelling of blood anteriorly ito the ventral 
aorta (Priede 1976). 

Coronary vessels extend back from the ventral aorta to 
supply the thick-walled ventricle. They can often be seen 
in the peripheral epicardium (Plate 27, Fig. 2). 


Arteries and Veins 


Histologically, the walls of fish arteries and veins, like 
those of other vertebrates, are composed of three major 
layers (Plate 29). the intima (inner layer), the media (middle 
layer), and the adventitia (outer layer). These layers are 
not always clearly discernible — particularly in veins and 
small arterioles — because each layer is not always well- 
developed. The three layers can best be seen in a major elas- 
tic or conducting artery such as the ventral aorta. In the 
ventral aorta (tne artery that conducts the blood from the 
heart to the gills) the intima is thin and composed of an 
inner endothelium, a medial layer of fibroblasts, col- 
lagenous and elastic connective tissue fibers, and the in- 
ternal elastic membrane. This membrane is cornposed of 
two or move elastic layers that are continuous with other 
elastic fibers in the intima and in the media, and are con- 
sequently difficult to see. The media is thick, composing 
most of the vessel wall. It is composed pri_narily of circu- 
larly arranged elastic fibers, interspersed with smooth 
muscle cells. The adventitia is thinner than the media and 
is made up of fibroblasts and collagenous fibers. In con- 
trast, the adventitia of the dorsal aorta is the thickest of 
the three layers and the intima and media are less well -de- 
fined (Satchell 1971). The muscular distributing arteries are 
smaller than elastic arteries; each of these three layors is 
also thinner and the media is composed predominantly of 
smootin muscle fibers, with small amounts of connective tis- 
sue. As in higher vertebrates, the distinction between 
arteries and arterioles is inade on the basis of the number 
of smooth muscle cell layers in the media: three or more 
layers occur in arteries, and less than three in arterioles. 

The three layers that make up the walls of veins are much 
thinner because they have fewer smooth muscle and elastic 
components. The intima consists of the endothelium, some 
collagenous and elastic fibers, and an indistinct internal 
elastic membrane connective tissue is the pre- 
dominant tissue of the media as well as of the adventitia 
Some smooth muscle cells also occur in the media of 
medium-sized and large veins. In histologic sections, the 
endothelium of veins frequently appears somewhat flat be- 
cause of the sparsity or absence of smooth muscle cells. In 
arteries, by contrast, the postmortem contraction of smooth 
muscle cells often throws the elastic membrane into longi- 
tudinal folds, causing the entire intima to develop small 
folds. Thus the interval elastic membrane appears wavy, 
and the endothelial nuclei are frequently seen projecting 
into the lumen. The capillaries that distrit ite blood to the 
peripheral tissues consist of a single layer of endothelium, 
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facilitating exchanges of oxygen. nutrients, and waste pro- 
ducts 


Some teleosts, including the salmonids, have a median 
ridge — the dorsal aorta ligarnent — along the dorsal surface 
of the dorsal aorta (Plate 4, Fig. 1). This elastic longitudinal 
ligament projects into the lumen of the artery and partly 
divides it (Satchell 1971). The function of the ligament is 
still not clear, but Priede (1975) suggested that it can act 
as a pump during the swimming motion of the fish. 


Lymphatic System 


Reports by Kampmeier (1970) and Wardle (1971) indi- 
cate that much of the information available on the teleost 
lymphatic system comes from relatively old publications 
(e.g. Allen 1906; McClure 1915. Burne 1927). Although 
anatomical aspects of fishes were well documented by 
Bertin (1958), Lagler et al. (1977), and Kampmeier (1970), 
no information seems to be available on the detailed his- 
tology of the fish lymphatic vessel Some histological work 
was reported by Wardle (1971) and Ashley (1975), but these 
of the system. As in other vertebrates, lymph oa fishes is 
collected from a'l areas through a system of sinuses and 
ducts (Plate 3) A lymph heart valve with contractile fibers 
(like those in heart muscle) can be found in the peduncle 
area of trout (Lagler et al. 1977). 

Histologically, the lymphatic vessels and sinuses in fishes 
can go unnoticed, because they frequently appear as nearly 
empty spaces. The walls of the smaller sinuses are extremely 
thin, and therefore may often be compressed or collapsed 
in rvatine tissue sections The walls of lymphatic vessels are 
similar to veins and can easily be mistaken for then, how. 
ever, the lumens of the lymphatics usually contain few or 
no blood cells (Plate 30, Figs. 2 and 3). Erythrocytes occur 
more frequently in lymphatic vessels of fish than in those 
of higher vertebrates (Lagier et al. 1977). Except for the 
endothelium, the three major layers of the lymphatic ves. 
sel wall of fishes are usually difficult to differentiate by lig! 


microscopy | 
It has recently been suggested that the bilateral lymphatic 
ducts that lie immediately beneath the dermal laver of the 
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Plate 26. Circulatory Syste 


Semi-diagrammatic drawing of the principal features of the cardiovascular system of a salmonid (A and C) and some external details of the head (B) 
(From Smith and Bell 1975) 
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Plate 27. Heart (1) 
Fig. 1. Sagittal section of the heart of a 3-month-old rainbow trout. «x 530 
a. Bulbus arteriosus 


b. Ventricle 
c. Atrium 


Fig. 2. Detail of coronary artery lying within the visceral epicardium. x 250 
Fig. 3. Detail of ventricle of a yearling rainbow trout, showing the comparatively thick muscular wall 


Fig. 4. Sino-atrial valve of « 3-month-old rainbow trout. x 250 








Plate 28. Heart (2) 
Fig. 1. Cardiac muscle fibers from the trabecular layer of the ventricle of a 7-month-old rainbow trout. « 500 
a. Nucleus of muscle fiber 


b. Endothelial laver 
c. Cardiac muscle striations 


Fig. 2. Cardiac muscle fibers of the atrium of a 4-month-old rainbow trout. « 560 
a. Nucleus of muscle fiber 
b. Nucleus of red blood cell 

Fig. 3. Cross section of a portion of the bulbus arteriosus. = 250 


Fig. 4. Detail of the bulbus arteriosus. = 560 


a. Nucleus of elastic tissue cell 
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Plate 29. Arteries and Veins 


Fig. 1. 


b 


b 


Arterioles and vein in diffuse pancreas. = 500 


Pancreatic acinar cells 
Vein 
Arterioles 


Hepatic portal triad in liver of 3-month-old rainbow trout. « 700 


Hepatic sinusoid 

Bile duct 

Venule filled with leucocytes 
Arteriole 


Vein (filled with erythrocytes) in depot fax. =x 230 
Cross section of the ventral aorta and surrounding t/vroid follicles 
Ventral aorta filled with blood cells 


Thyroid follicles 


Veins 


x 250 
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Plate 30. Lymphatic System 
Fig. i. The lymph. arterial, and wenous systems of a rainbow trout embrvo, 21 days after egg fertilization. (From McClure 1915) 


Fig. 2. Section of the head of a 4-month-old rainbow trout. Dorsal-ventral cross section. « 40 


a. Epithelial membrane of the subocular lymphatic sa 
b Lumen of the subocular sa« 
‘ Eve 


d. Becca: cavity 


Fig. 3. Detail of portion of Fig. 2. Note the lightly stained film of lwmph within the subocular sac. = 200 


a Membrane surrounding the subocular sac (see Fig. 2a) 
b Cross section of nerve 

Arteriole 

d. Film of lymph within the subocular sac 


BST AVAILABLE COPY 


























GOK Nh 


, (he = 
-) - ” e 


REFERENCE NUMBERS 


1, Subocular lymph aac 
2, Mecial pharyngeal communication 


, Poeteardinal vein 
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3, Lateral pharyngeal lymphatic 1k, Otee commmeme ation 

4, Medial pharyngeal lymphatic 14, Dereal aorta 
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Chapter VII 





Blood 


As in other cold-blooded vertebrates (and in birds), one 
of the distinctive characteristics of fish b\ood is the presence 
of nuclei in mature erythrocytes (red blood cells). Other 
types of mature cells normally found in peripheral blood 
of healthy fish are morphologically somewhat similar to 
human blood cells. One-third to one-half of the total blood 
volume in fish consists of blood cells (Wedemeyer et al. 
1976); the rest is fluid plasma. A peripheral blood smear 
from a healthy fish shows a preponderance of erythrocytes. 
other cells are lymphocytes, neutrophils (polymorphonu- 
clear leukocytes), monocytes, and thrombocytes (Plate 3) . 
Figs. 1-4). In healthy young fish up to about 3-4 months 
old, immature forms of various cell types are frequently 
present 

The celluler aomenclature used in fish hematology has 
historically been based on the hernatological terminology 
used in classifying mammalian blood. In recent vears several 
investigators have stressed the importance of considering 
ontogenic and functional factors, as well as morphological 
factors, in assigning specific labels to given types of blood 
cells (Ellis 1976, 1977; MacMillan 1980). Most of the cellu- 
lar nomenclature used here is based on various interpreta- 
tions of fish, avian, and mammalian hematologic reports 
published by numero. other investigators (Catton 1951, 
Jakowska 1956; Yuki 1957, 1958, Weinreb 1963e, 1963b, 
Sekhon and Beams 1969). More recert descriptions of sal- 
monid blood were also considered (Conroy 1972; Klontz 
1972, Matsusato 1972; Anderson (974; Anderson and 
Mitchum 1974; Lehmann and Sturenberg 1975b; 
MacMillan 1980) An extensive bibliography on fish hema. 
tology was published by Hawkins aid Mewdesley- Thomas 
(1972) and an excellent © review on fish leuco- 
cytes by Ellis (1977). All cells desexibed here are from 
peripheral blood smears prepared without an anticoagu- 
lant. and anterior kidney imprints st ined with Leischman- 
Giemsa stain (Wedemeyer and Yasut ike 1977), with the ex- 
ception of one study in which pero <idase stain was used 
(Yuki 1957, 1958). 


Erythrocytes 


A mature erythrocyte is an elongated elliptical cell 
13-16 gin long by 7-10 sm wide. In Leischman-Giemsa 
stained smears it has a homogenous pink cytoplasm (Plate 
31, Figs. 1-4). The centrally located nucleus is also ellipti- 
cal, is purplish-red, and has densely compacted chrornatin 
Polychromatocytes {immature erythrocytes) frequently 
occur, particularly in healthy fingerling trout (Plate 31, 


Fig. 3). These cells are usedly ies elliptical and have a 
bluish-grey cvtoplasm. Tn nucle us of these cells is not as 
dense as that of mature erythroc) tes. The total red blood 
cells in young rainbow trout rarge from 0.77 to 1.58 x 
10*/ mm’ (McCarthy et al. 1973; Wedemeyer and Yasutake 
1977). onint remeay Sepeaen 0 anes ee In 


shadows” (Yuki 1960) or “ghost” cells (Mulcahy 1970) or 
“smudge” cells (Conroy 1972) are disintegrated mature red 
vlood ces nuclei, usually considered to be artifacts of tech- 
niques used in the preparation of blood smears. 


Lymphocytes 


Lymphocytes constitute 89 to 98% of the total leucocytes 
(white blood cells} in juvenile rainbow trout. In smear 
preparations of peripheral blood, leucocytes are usually 
sparse among the red blood cells because the normal range 
in white blood celix is only 7.8 to 20.9 x 10mm’. 
Lymphocytes are smai\ spherical cells 7 to 10 gm in 
sometimes has a slight indentation, has fairly compat 
chromatin and stains reddish-purple. The lightly basophilic 
narrow band of cytoplasm often has pseudopodial projec- 
tions (Plate 31, Fig. 2). Cytoplasmic granules are frequently 
present but are not always visible. Large !ymphocytes, 10 
to 15 «am in diameter, may also occasionally be seen These 
may be immature stages of the small lymphocytes. 


Neutrophils (Polymorphonuclear Leukocytes) 


The neutrophil is apparently the only 

leukocyte present in rainbow trout (Klontz 1972). 
Eosinophils and basophils have been reported in other 
species (Watson et al. 1956, Weinreb 19630, 1963; Conroy 
1972; Lester and Desser 1975; Lester and Daniels 1976). 
Eosinophi)-like cells have been reported in rainbov trout 

tissue by Chiller et al. (1969), aad Filis 
(1977). We also have frequently obsers ed these cells in the 


stratum granulosum areas of the cligestive tract (Plates 14 
and 17) that are seriously affected in « saimonid virus 
disease, infectious hematopoietic necrosis (Yasutake and 
Amend 1972; Yasutake 1975). Other similer cells referred 
to as eosinophil granulocytes have been seco ded from the 
fish gill, intestinal tract, and skin (Ellis 1%, 7). The origin 
or function of these granular cells is not yet known. In many 
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years of examining blood smear: and histological sections 
of normal and diseased salmonids, we have yet to see eosino- 
phils or basophils. Polymorphonuciear leukocytes account 
for 1 to 9% of the total white blood cells in juvenile rain- 
bow trout. Their diameters are usually slightly larger than 


those of the smaller lymphocytes, averaging 9 to 13 am. 
The nucieus is multi-lobulated (usually it has two to five 


cells (Yuki 1957), particularly in kidney imprints, where 
mary dierent stages and types of cells are present (Plate 
3%, Fig. 4) The role of fish neutrophils in the inflamma- 
tory response is still not well understood. They seemingly 
have a phagocytic function (Finn 1970; Finn and Nielsen 


Klontz et al. 1966; Ellis et al. 1976). 


Thrombocytes 


In salmonid blood smears, as in many other teleost 
smears, thrombocytes occur in varied shapes: elongated, 
spiked, fusiform, and spheroid. T; + elongated form, which 
has an elliptical dense basophilic nucleus and often has one 
or two clefts (Plate 31, Fig. 3), is usually not too difficult 
to distinguish These cells are about 5-8 um long — slightly 
smaller than the small lympaocytes. The very light 
basophilic cytoplasm, sometimes too lightly stained and 
therefore difficult to see, may be present as a thin rim 
around the nucleus The spike type has streaked cytoplasm 
on one end, resembling the tail of a comet, whereas the 
fusiform type has streaks on both ends. The round throm- 
bacytes, with their dense nuclei and little or no cytoplasm, 
resemble srp all lymphocytes so closely that the two forms 
are often ». Of the total leukocytes in 
juvenile rainbow trout, | to 6% are thrombocyte. ‘Wede- 
meyer and Yasutake 1977) Fwactionally, these cells in fishes 
are believed to be involved in blood clotting (Srivastava 
1969, Wardle 1971) but ayparently not in phagocytosis (Ellis 
1977), as suggested by some investigators (Yokoyama 1960, 
Fange 1968). The origin of thrombocytes is still not clear. 
Some investigators suggest that these cells develop from the 
same ster cells as the lymphocyte. (Catton 1951, Klontz 
1972) Others believe that small lymphocytes are the ances. 
tors of the thrombocytes (Gardener and Yevich 1969) From 
studies conducted on plaice spleen smears, Ellis (1977) hy- 
pothesized that the formation tissue of these cells is the 
spleen 


Monocytes and Macrophages 


Ovoid monocyte in peripheral blood are generally lar ,e. 
9 to 25 wm in diameter (Finn and Nielsen 1971), and are 
believed to be precursors to macrophages (histocytes) Dif. 
ferentiation of phagocytes usuaily takes place when they 


migrate into tissues and hecome extravascular Once these 
cells have migrated into vasious tissues, they are indis- 
tinguishable from macrophages. The cytoplasm of mono- 
cytes often has fine granules and takes a moderately baso- 
philic stain. The large nucleus stains like the nuclei of 
lymphocytes. 

Macrophages in fish are frequently found in various tts- 
sues and may be readily observed in imprints made from 
the anterior kidney. They are not usually seen in the circu- 
lating system. Phagocytic capability of these cells is well 
documented (Anderson 1974; Ellis 1976, 1977). 
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Plate 31. Blood (1). Peripheral blood smears from 4-month-old rainbow trout, stained with Leishman-Giemsa stain. 

Fig. 1. Segmerted neutrophil (sn) surrounded by mature erythrocytes (e). x 3600. 

Fig. 2. Two mature lymphocytes (1) with pseudopodia, surrounded by erythrocytes. x 3400. 

Fig. 3. Segmented neutrophils (sn), polychromatocyte or immature erythrocyte (pe), and thrombocyte (t). x 3600. 

Fig. 4. Successive stages (a~d) of erythrocyte “degeneration,” ending as a smudge cell (d). Some cytoplasm is still visibic in b and c. x 3600. 
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Plate 32. Blood (2). Imprints made from head kidneys of 4-month-old rainbow trout. 
Fig. 1. Various states of hematopoiesis. Leishman-Giemsa stain. x 1700. 


Fig. 2. Polychromatocyte (pe), an immature erythrocyte with basophilic cvtoplasm; prolymphocyte (pl), an immature lymphocyte: 
granulocyte (gn), a very early immature neutrophil; segmented neutrophil (sn); band neutrophil (bn); mature neutrophil; smudge 
cell or degenerated erythrocyte (s). At the lower left is an immature cell that has undergone cell division. Leishman-Giemsa stain. 
x 3400. 


Fig. 3. Hemocytoblast (h) or stem cell; erythroblast (be), a very early stage of an erythrocyte; polychrometocyte (pe); mature erythrocyte 
(e); juvenile neutrophil (jn); band neutrophil (bn); segmented neutrophil (sn); mature lymphocyte (1). Leishman-Giemsa stain. x 3710. 


Fig. 4. Segmented neutrophil (sn) with dark granules, reacting positively to the peroxidase stain. The larger cells (be) appear to be 
erythroblasts. Peroxidase stain. x 3700. 
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Hematopoietic Tissues 
Hematopoietic Kidney 


Bone marrow, spleen, and lymph nodes are the principal 
blood-forming tissues of warm-blooded vertebrates. In most 
fishes, including the rainbow trout, the primary site of 
hematopoiesis is in the anterior one-fourth of the kidney 
(Plate 35, Fig. 1). Posteriorly, much of the extrarenal tis- 
sue is also composed of blood-forming tissue. This tissue 
throughout the kidney is supported by a delicate reticular 
cell stroma and fibers (Leenhuer 1969). Tissue imprints of 
the head kidney (Plate 32) show the various types of blood 
cells that are usually found in this area. Since it is the pri- 
mary tissue of hematopoiesis, many undifferentiated (stem 
or blast) cells, as well as immature and mature red blood 
cells and white blood cells, are present. 

Also present in the hematopoietic tissue are melanophore, 
melanin-containing cells (see Chapter 3). They are usually 
diffusely located (Plate 36, Fig. 1; Plate 60) and do not occur 
as discrete melanin-macrophage centers, such as those found 
in many other teleosts (Roberts 1975, 1978). According to 
Roberts (1975) the degree of pigmentation varies, depend- 
ing on the species, age, and state of health of the fish. 


Spleen 


The spleen in most fishes serves as an accessory hemato- 
poietic organ; it also serves as the site for blood cell destruc- 
tion and for erythrocyte storage. It differs primarily from 
mammalian spleen in two respects: (1) red and white pulps 
are diffuse and not very discrete, and (2) connective tissue 
framework is not prominent (Robertson and Wexler 1960; 
Plate 33, Figs. 1-4). When the red pulp area is filled with 
red blood cells, the white pulp nodules (mostly lymphatic 
tissue) may be seen more readily (Plate 33, Fig. 2). The 
spleen capsule of trout is a thin layer of connective tissue 
and is not as thick or prominent as the capsule of the mam- 
malian spleen. 


Thymuc Gland 


The bilateral thymus glands in rainixow trout are located 
under the operculum and dorsal to the gii! arches, where 
the operculum joins the body. In fingerlings i-4 months 
old, the glands may be difficult to see; however, in fish 5-12 
months old, the snall opaque tissues can usually be seen 
with little difficulty. Histologically, the rainbow trout 
thymus is not unlike that of Tilapia mossambica (Sailendri 





and Muthukkaruppan 1975) and most other fishes. It is 
encapsulated by thin collagen-like fibers (Plate 34, Fig. 3). 
The gland consists mostly of lymphoid cells, including 
thymocytes and lymphocytes (in various stages of matura 

tion), and some erythrocytes and macrophages (Plate 34, 
Fig. 3). Depending on the area and plane of section, gland. 
like cells—thymic bodies—are occasionally seen in the 
thymus (Plate 34, Fig. 4). The function of these cells is not 
known, but it has been suggested that they are compara 

ble to the Hassel’s corpuscles found in the thymus of 
mammals (Sailendri and Muthukkaruppan 1975). 
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Plate 33. Spleen 
Fig. 1. Longitudinal section through the abdominal viscera of a 1-month-old rainbow trout, showing position of the spleen in relation 
to adjacent tissues. ~ 40 


Spleen 
b. Pancreas 
c. Visceral fat 
d. Villi of the anterior intestine 
e Muscular wall of stomach 
{ Skin 


Fig. 2. Detail of spleen (Fig. 1). = 2590. 
a. Germinal node (white pulp) 
b. Stroma of reticular connective tissue with red blood cells (red pulp) 


Fig. 3. Spleen of underyearling rainbow trout, showing arrangement of pulp and stror a. Each nodule of pulp forms a surface protru- 
sion, * 35 


a. Vein filled with erythrocytes 
b. Arteriole 


Fig. 4. Detail of Fig. 3. = 250. 
a. Capsule of spleen 


b. Connective tissue stroma 
c. Surface protrusion filled with erythrocytes 
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Plate 34. Thymus 

Fig. 1. Longitudinal section through head of |-month-old rainbow trout. « 50. 
a. Thymus gland 
b. Cartilage of the otic capsule 


c. Dorsal musculature 
d. Gills 


Fig. 2. Detail of Fig. 1. « 560 





a. Thymocyte 
b. Reticular cell 
c. Erythrocyte 


Fig. 3. Edge of thymus gland of 3-month-old rainbow trout. = 200. 


a. Thymic body, presumed to be comparable to Hassel’s corpuscle in mammals 
b. Capsule 
c. Thymocytes 
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Chapter IX 





Urinary System 


by 


J. D. Hendricks 


Oregon State University 
Corvallis, Oregon 


Fish kidneys are the least readily recognized fish organs, 
due to their lack of similarity to mammalian kidneys. The 
kidneys of fishes gencrally occupy a dorsal position along 
most of the length of the body cavity. In trout they com- 
pose the dorsal biood-filled structure that remains after the 
other viscera are removed. Although their structure appears 
single, they are composed of two almost completely fused 
kidneys, each with its own mesonephric duct. These ducts 
become visible posteriorly, as they leave the kidneys and 
unite to form the common urinary duct and bladder leading 
to the urogenital papillae. Anteriorly the kidneys are com- 
posed entirely of hematopoietic tissue known as the head 
kidney (Plate 35, Fig. 1) and more posteriorly of nephrons 
embedded in hematopoietic tissue. In addition to urinary 
and blood-forming tissues, the kidney also includes adrenal 
tissues and the Corpuscles of Stannius. Juxtaglomerular 
cells, considered to be homologous to those of mammals 
(Harder 1975), have also bken described in kidneys of trout 
(Oguri 1980a) and other teleosts (Oguri and Sokabe 1968; 
Capreol and Sutherland 1968; Oguri et al. 1969; Og ri 
1980b). These cells proauce renin, a proteolytic enzyme 
necessary for the production of angiotensin II, which in turn 
influences blood pressure and urine formation (Capreol and 
Sutherland 1968; Harder 1975). Oguri (1980) stated that 
the juxtaglomerular cells stain well with Bowie's method 
and are periodic acid-Schiff positive. 

The principal function of teleost kidneys is the mainte- 
nance of a stable internal environment with respect to water 
and salts, and not the excretion of metabolic nitrogenous 
wastes, as in tetrapods. Although small amounts of nitroge- 
nous wastes —i.e., ammonia, urca, creatine, creatinine, and 
trimethylamine oxide — do appear in the urine, this excre- 
tory route is incidental when compared with the amounts 
of these products that are excreted through the primary 
excretory organs, the gills (Smith 1929). 

Teleosts have three major nephron types with regard to 
structure and function: the freshwater glomerular nephron, 
the marine glomerular nephron, and the marine aglom- 
erular nephron. Rainbow trout have a typical freshwater 
glomerular nephron that consists of the following regions: 





a renal corpuscle, made up of Bowman's capsule and the 
glomerulus; a short neck segment; two morphologically dis- 
tinct segments of the proximal tubule (each with a brush 
border): a variably present intermediate segment; a distal 
segment; and a collecting duct system terminating in the 
mesonephric duct (Grafflin 1937a). Major functions of the 
freshwater teleost nephron are conservation of salt and 
elimination of excess water. These functions are accom- 
plished by a high glomerular filtration rate, reabsorption 
of salts in the proximal tubules, and fu. her urine dilution 
in the distal segment. 

Histologically the nephron is similar throughout the sal- 
monid group. There is disagreement on the best way to clas- 
sify the terminal part of the second proximal segment in 
rainbow trout. Hickman and Trump (1969) reported that 
the terminal portion of the second proximal segment is 
ciliated, and designated that region as an intermediate seg- 
ment. Anderson and Loewen (1975) also described a very 
short, distinctive segment. Ultra:tructurally the cells were 
cuboidal and had varying numbers of apical cilia and no 
brush border. The cilia are sometimes distinguishable in 
this portion of the rainbow trout nephron, but the electron 
microscope is »eeded to distinguish these cells from those 
of the second proximal segment. The cells of this region stain 
the same as those of the second proximal segment, and nu- 
merous sections show the abrupt change from the strongly 
eosinophilic proximal tubule cells tr the weakly eosinophilic 
distal tubule cells (Plate 36, Figs. 2 and 3). 

The glomeruli of rainbow trout kidneys are large and 
nearly fill Bowman's capsule, which is the expanded funnel- 
like proximal end of the nephron. The larger afferent and 
smaller efferent glomerular arterioles, which supply and 
drain the glomerular capillary bed, can often be seen at 
the pole of the renal corpuscle. Within the structure of th. 
glomerulus, nucleatea red blood cells can be distinguished 
in the capillary lumens, as can the nuclei of mesangial cells, 
capillary endothelial cells, and the podocytes of the visceral 
epithelium of Bowman's capsule. After periodic acid-Schiff 
staining, the basement membrane, which lies between the 
mesangian and capillary endothelial cell layers, can also 
be seen. The parietal layer of Bowman's capsule consists 
of thin squamous cells, which become cuboidal toward the 
opening of the neck segment (Plate 35, Fig. 2). 

The neck segment varies in length but is always short, 
and sometimes almost undetectable. Cross sections of this 
region are rarely seen in prepared slides. The cells are low 
colum.sar and narrow, with elongated, basally located 
nuclei and slightly basophilic cytoplasm. Cilia project into 
the tubular lumen but there is no brush border in this 


region. The narrow lumen of this segment, together with 











the low columnar cells, results in the overal! diameter of 
the tubule being small (Plate 35, Fig. 2). 

The transition to the first segment of the proximal tubule 
is abrupt (Plate 35, Fig. 2). The cells of this regicn are taller 
columnar, having rounded or oval, basally located nuclei, 
a prominent apical brush border, and lightly eosinophilic 
cytoplasm. The cytoplasm often appears bizonal, with 2: 
intensely staining basal region and a more lightly staining 
apical region. The !arger lumen and taller cells make the 
overall tubular diameter much greater than that of the neck 
segment (Plate 35, Figs. 2-4; Plate 36, Figs. 1 and 3). 

Another abrupt transition occurs between the first and 
second segments of the proximal tubule (Plate 35, Fig. 4). 
The second segment is characterized by even taller col- 
umnar cells that have roundec to oval, centrally located 
nuclei; a dense apical brush border; and intensely eosino- 
philic cytoplasm. The lumen is smaller than in the first seg- 
ment of the proximal tubule and often appears occluded 
by the brush border. The overall tubular diameter is 
greater, however, because the cells ere taller (Plate 35, 
Figs. 3 and 4; Plate 3¢, Figs. 1-3). 

The change from the intensely staining second proximal 
segment to the lightly eosinophilic distal tubule is again 
abrupt (Plate 36, Fig. 2). The cells are lower columnar with 
oval, basally located nuclei and no brush border. The lumen 
is small, resulting in a smaller overall diameter (Plate 36, 
Figs. 1-3). 

It is difficult to determine exactly where the distal tubule 
ends and the collecting duct begins because the staining 
characteristics of the two regions are similar. Hendricks 
(1971) designated the collecting duct as the portion of the 
tubule beyond the first junction with another tubule. Elec- 
tron microscopy may show cytological differences before 
this junction, but light microscopy does not. Beyond the 
first junction, the collecting duct increases in size as it re- 
ceives additional nephrons. The cells increase in height (but 
remain lightly eosinophilic), the lumen size increases, and 
the amount of surrounding smooth muscle and connective 
tissue increases as the collecting duct approaches the meso- 
nephric duct (Plate 36, Figs. 3 and 4). The large meso- 
nephric duct has tall columnar, lightly staining cells, with 
elongated, basally located nuclei and large amounts of sur- 
rounding smooth muscle and connective tissue (Plate 36, 
Fig. 4). 

Another distinct tubule is present in fish kidneys, espe- 
cially in immature fish. The cells are characterized by 
deeply basophilic cytoplasm, large irregular nuclei, and fre- 
quent mitotic figures. These tubules are immature, develop- 
ing nephrons that become functional at a later date. They 
appear to develop in place from nephrogeni* material and 
develop a connection with a collecting duct before becom- 
ing functional. Immature tubules of varying degrees of 
basophilia are present in the kidneys of young trout (Plate 
36, Fig. 5). 

Some nuclei adhere closely to the exterior of each of the 
tubular regions. Electron microscopy has shown these to 


belong to smooth muscle cells that surround the tubules 
(Bulger and Trump 1968). The cytoplasm of these cells is 
difficult to see, being thinly spread over the surface of the 
tubule. 

Darkly stained cells that are frequently between the 
epithelial cells of the tubules are wanderiug lymphoid cells 
from the adjacent hematopoietic tissue, which migrate to 
the tubular lumens in substantial numbers. 
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Plate 35. Kidney (1) 


Fig. 1. Rainbow trout kidney, showing transition from the hematopoietic tissue of the head kidney to the tubules (arrows) embedded 
in hematopoietic tissue of the posterior kidney. * 40 


Fig. 2. Proximal end of a nephron, showing a tubule leaving a renal corpuscle. x 700. 


Afferent glomerular arteriole 
b. Efferent glomerular arteriole 
c. Glomerulus 
d. erythrocyte in glomerular capillary 
e. Podocyte nucleus of the visceral epithelium of Bowman's capsule 
{. Basement membrane of glomerulus 
¢. Squamous, parietal epithelium of Bowman's capsule 
h. Bowman's space 
i. Neck segment 
j. First segment of proximal convoluted tubule 
k. Brush border 


Fig. 3. Cross sections of the two morphologically distinct segments of the proximal tubule. « 700. 


a. First segment of the proximal tubule 

b. Second segment of the proximal tubule 

c. Wandering lymphocyte 

d. Nucleus of smooth muscle cell enveloping the tubule 
c. Melanophore 

{. Hematopoietic tissue 


Fig. 4. Abrupt transition from the first segment to the second seginent of the proximal tubule. x 700. 





a. First segment of the proximal tubule 
b. Second segment of the proximal tubule 
c. Distal tubule 
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Plate 36. Kidney (2) 


Fig. 1. 


Fig. 3. 
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Fig. 5. 


Section of rainbow trout kidney, showing three major segments of the nephron. x 600. 


First segment of the proximal tubule 
Second segment of the proximal tubule 
Distal tubule 

Smooth muscle cell nucleus 

Sinus containing various blood cells 
Melanophore 


. Longitudinal section, showing the abrupt transition from the second segment of the proximal tubule to the distal tubule. x 600. 


. Second segment of proximal tubule (dark staining) 
. Distal tubule (light staining region) 
', First segment proximal tubule 


Various tubule regions of normal trout kidney. x 225. 


. Second segment of the proximal tubule 
. Distal tubule 

. Collecting duct 

. Mesonephric duct 


First segment of the proximal tubule 
Blood sinus 


. Renal arterioles 
. Hematopoietic tissue 


. Section of normal rainbow trout kidney, showing collecting duct entering the mesonephric duct. x 225. 


. Collecting duct 
. Mesonephric duct 


Connective tissue, which surrounds collecting ducts and mesonephric duct 
An immature tubule (deeply basophilic) shown penetrating a collecting duct. (Tubules originate independently from the duct 


system and then penetrate and form a connection with a collecting duct, as shown here.) x 600. 


b. 


Collecting duct 
Immature tubule 
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Chapter X 





Nervous System 


The nervous system of fisn, like that of other vertebrates, 
is divided into two systems: the central system, consisting 
of the brain and spinal cord (central nervous system) and 
their respective nerves (peripheral nervous system); and the 
autonomic system, consisting of the nerves supplying the 
alimentary tract, swim bladder, urinogenital system, 
circulatory system, and other “involuntary” tissues. 

The nervous system is also composed of two basic cell 
types, the neurons, and the neuroglial cells. The neurons 
conduct the nervous impulses and the neuroglial cells per- 
form a supportive role. The neurons are composed of a cell 
body with the usual cellular components, as well as addi- 
tional processes of many kinds. Usually several dendrites 
conduct impulses to the cell body, and one axon conducts 
the impulse away from the cell body. The dendritic pro- 
cesses of the neuronal cell body receive impulses from the 
sensory cells. The axon transmits the impulse to another 
neuron, or sometimes directly to the terminus — for exam- 
ple, a muscle. The “contacts” between neurons are called 
synapses. Much work has been done on the anatomy of 
synapses by light and electron microscopy (Bodian 1937; 
Gray 1961). 

The neuroglial cells are of three distinct varieties (Kruger 
and Maxwell 1967): the ependymal cells, the astrocytes, and 
the oligodendrocytes. Ependymal cells line the ventricular 
and spinal canal, have cilia that project into the lumen of 
these cavities, and have long fibrillar processes that extend 
through the superimposed tissue to the pial surface. Astro- 
cytes are said to be the most common of the neuroglial cells. 
They have many long processes that often surround and 
terminate at capillaries. Oligodendrocytes display occa- 
sional long processes, and their nuclei can be visualized by 
staining with hematoxylin and eosin. However, both the 
astrocytes and the oligodendrocytes, as well as the neuronal 
processes, are difficult or impossible to see in such prepara- 
tions. These cells cannot be fully visualized without silver 


impregnation. 


Brain 


The unique arrangement of cellular types in the central 
nervous system of fish and other vertebrates is of interest 


to the neurohistologist. In this brief overview we consider 
that portion of the fish's brain known as the optic tectum, 
and list the several strata that compose it. Other portions 
of the brain also have their own characteristic architecture. 


At the surface of the optic lobe (Plate 37; Plate 38, Fig. 1), 
beneath the pia mater and dura mater, the first layer, the 
stratum marginale, is composed of unmyelinated fibers that 
run for long distances in a direction parallel to the surface 
of the optic tectum (Vanegas et al. 1974; Laufer and 
Vanegas 1974). This layer lacks cell bodies, and therefore 
appears relatively featureless, except for an occasional 
capillary. Layer 2, the stratum opticum, contains numerous 
myelinated axons of medium and large caliber; the tissue 
may be distinctly fibrous with scattered neuroglial cell 
nuclei (Plate 38). Layer 3, the stratum fibrosum et griseum 
superficiale, is made up of myelinated axons dispersed in 
all directions, and is interlaced horizontally and vertically 
by dendrites. Layer 4, the stratum griseum centrale, the 
broadest of the several layers, contains several kinds of 
neurons but is chiefly a synaptic neurophil that is visible 
only if it is “stained” by a silver technique. Layer 5, the 
stratum album centrale, is notable for its heavy fiber 
bundles. Layer 6, the stratum periventriculare, is another 
wide band of closely packed neuronal cell nuclei; beneath 
these nuclei are the nuclei of the ependymal cells that line 
the optic ventricle. From these ependymal cell bodies, long 
processes extend upward through all six layers and end 
just beneath the pial membrane (Schwassmann and Kruger 
1968). 

Certain other types of cells are conspicuous or have unu- 
sua' functions. A pair of very large neurons in the medulla, 
called Mauthner cells (Plate 38, Fig. 5) have been the su!- 
ject of extensive investigations and, because of their large 
size, it has been possible to elucidate their synaptic appara. 
tus. Bodian (1937) described the axonic terminals of these 
cells by light microscopy, and Robertson et al. (1963) found 
by electron microscopy that the cell bodies are covered by 
a synaptic bed. Apparently the Mauthner cells function as 
muscle coordinators for relaying multiple sensory impulses 
mainly from lateral line centers to the caudal and abdomi- 
nal swimming musculature (Lagler et al. 1977). Another 
large and conspicuous neuron is the Purkinje cell. In con- 
trast to the single pair of Mauthner cells in the medulla, 
the Purkinje cells of the cerebellum are numerous (Plate 38, 
Fig. 2). The derdrites of these cells extend upward to the 
dorsal surface of the cerebellum and the axons project 
downward to the white matter beneath the granule cell 
layer. As previously mentioned, the two neuroglial cells — 
astrocytes and the —are similar in that 
their nuclei ave the only parts that can be seen in hematory- 
lin and eosin preparations. The cytoplasm and the many 
long, arborescent processes cannot be seen unless they are 
impregnated with silver. Kruger and Maxwell (1967) dis- 
cussed the comparative fine structure of these cells. 
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Spinal Cord 


In the spinal cord the most prominent features are the 
cell bodies of the neurons, and the nuclei of the neuroglial 
cells, which stain deeply with hematoxylin. The gray 
fibr sus material is referred to as the neurophil. Surround- 
ing the central canal of the spinal cord are the ependymal 
cell bodies whose cilia extend into the lumen of the canal. 
In sections of the spinal cord these are vacuolated areas, 
each with a deeply stained nerve fiber. Originally the vac- 
uolated area contained myelin, which is solvent extractable 
fat. Also in cross section may be seen the two Mauthner 
cell axons that extend from the medulla to the tip of the 
spinal cord (Plate 38, Fig. 5). 

Ganglia (Plate 39) are characterized by very prominent 
nerve cell bodies and smaller nuclei of supporting cells. The 
nerves (Plate 39, Fig. 1) have a characteristic appearance, 
with elongated, deeply stained nuclei at intervals along the 
fibers. When a nerve is cut in cross section (Plate 39, Fig. 3), 
these nuclei appear round. Actually these axons are sur- 
rounded by an insulating myelin sheath and this sheath in 
turn is encased in a neurolemma. The nuclei of the neu- 
rolemma cells are deeply stained spindles (when cut longi- 
tudinally) or round bodies (when cross-sectioned). The 
myelin sheath, being fatty, is removed during tissue pro- 
cessing. 

The neural tissues of fishes are fundamentally similar to 
those of mammals. Most of the cellular components of cen- 
tral and autonomic nervous systems of the trout have coun- 
terparts in the higher vertebrates, which closely resemble 
the corresponding components in the mammal. 


Neurosecretory System 


Neurosecretory cells in vertebrates are glandlike nerve 
cells located in widely separated areas of the central nervous 


system, but they are concentrated in the diencephalon. 
Fishes have, in addition, a caudal neurosecretory system, 
or urophysis, at the terminal end of the spinal cord 
(Plate 39; Kriebe! 1980). The microscopic appearance of 
these cells is similar to that of the motor neurons, except 
that in the hypothalamus, the two types of neurons can be 
distinguished by their staining reaction. However, the 
Gomori staining procedure, which is suitable for the hypo- 
thalamus, does not serve to differentiate the neurosecretory 
cells of the caudal system (Bern 1969). Appropriate micro- 
scopic preparations will reveal droplets of colloidal material 
within the axon of the neurosecretory cells. These hormones 
or hormonal precursors travel from the neuron through the 
axon to its termination. Such terminations may be the 
cerebrospinal canal, or another neuron. It is presumed that 
the production of some or all of these neurosecretory cells 
is under nervous control. Their functional role is still not 
clear, but various investigators have suggested an ionoregu- 
latory or osmoregulatory function, or both (Berlind 1973; 
Chevalier 1976; Kriebel 1980). 
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Specialized neurosecretory cells, known as Dahigren ceils, 
are found in the caudal region of the spinal cord of trout 
(Plate 40, Figs. 2 and 3). Their secretion is stored in a 
ventral enlargement (caudal neurosecretory system or uro- 
physis) of the spinal cord near its posterior terminus (Bern 
1969; Grizzle and Rogers 1976). The urophysial enlarge- 
ment or sac is supported by a stroma of connective tissue 
and is filled with a large number of eosinophilic, secretory 
granules of a wide range of sizes. In addition, the sac con- 
tains capillaries and nerve fibers. 
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Plate 37. Central Nervous System 
Fig. 1. Sagittal section of the brain of a 1-month-old rainbow trout. = 50. 


Epidermis 

Mesenchymal tissue 

Cartilage of the olfactory capsule 
Portion of olfactory nerve 
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Fig. 2. Cross section of spinal cord of 3-month-old rainbow trout. « 300. 


a. Neural canal 

b. Gray matter (vertical horn) 

c. White matter (myelinated nerve axons) 
d. Nerve cell body 

e. Gray matter (dorsal horn) 
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. Cross section of myelencephalon of 3-month-old rainbow trout at the level of the 10th (vagus) cranial nerve. x 200 
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Plate 34. Brain 
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. Sagittal section of the optic tectum of an 11-month-old rainbow trout. = 250. 


Dura mater 

Subarachnoid space 

Pia mater, including many blood vessels 
Stratum fibrosum marginale (molecular layer) 
Stratum opticum 

Stratum fibrosum et griseum superficiale 
Stratum griseum centrale 

Stratum albam centrale 

Stratum periventriculare (granular layer) 


. Sagittal seciice of the cerebellum of 11-month-old rainbow trout. « 250. 


Capillary 


_ Molecular layer 


Purkinje cell dendrites 
Purkinje cell nuclei 
Granular layer 


. Sagittal section of the cerebellar valvula of 11-month-old rainbow trout. x 250. 


Granular layer 
Molecular layer with Purkinje cell dendrites 


. Sagittal section of the medulla of 11-month-old rainbow trout. = 250. 


Giant nerve cell body in gray matter 
Neuroglia cell nuclei in gray matter 
White matter composed of nerve fiber tracts 


. Detail of Mauthner cell. x 750. Masson's trichrome stain 


BEST AVAILAOLE cory 














112 


Plate 39. Nervous Tissue 


Fig. 1. Fibers of the optic nerve of 3-month-old rainbow trout. x 750. 


a. Nerve fibers 
Fig. 2. Myelinated nerve fibers in the transverse septum of yearling rainbow trout. x 750. 
. Nerve. Longitudinal section 
b. Nerve. Cross section 
Fig. 3. Cross section of a cranial nerve surrounded by cranial cartilage. x 1200. 
a. Cranial cartilage 
b. Vein filled with erythrocytes 


c. Cross section of nerve fascicle 
d. Nuclei of neurolemma 


Fig. 4. Portion of vagus nerve of 3-month-old rainbow trout. x 750. 


a. Ganglion cell body 
b. Nucleus of neurolemma (Schwann cell) 
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Plate 40. Caudal Neurosecretory Tissue (Urophysis) 





Sagittal section through the urophysis and spinal cord of yearling rainbow trout. x 40. 


a. Urophysis 
. Spinal cord 
*. Caudal neurosecretory Dahigren cell 


Fig. 2. 


Fig. 3. 


Detail of Fig. 1. x 250. 





Dahlgren cell 
Detail of posterior end of gland shown in Fig. 1. x 250. 


a. Granular secretory material 


. Dahlgren cell axons 


Fig. 4. 


Detail of posterior portion of spinal cord. x 250. 


a. Dahlgren cell 


. Nerve fibers 
*. Neuroglial cell nuclei 
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Special Sensory Organs and Tissues 


Optic Tissue 


The retina is the most complex portion of the optic tissues, 
and that of salmonids has been the subject of many detailed 
histological reports (Brett and Ali 1958; Ali 1959, 1964, 
1974; Jacquest and Beatly 1972; Pinganaud 1980; Khabi- 
bullina et al. 1981). It seems safe to assume that the retina 
in closely related fishes of the genus Salmo is not signifi- 
cantly different. 

The retina is composed of eight layers (Plates 41 and 42). 
The pigmented epithelial layer (Plate 41, Fig. 3 and Plate 
42) controls the amount of light reaching the visual elements 
beneath it; needlelike pigment granules are capable of mi- 
grating into fingerlike processes extending downward into 
the visual layer. The layer of rods and cones — also called 
the visual layer — consists of three types of receptors: twin 
cones, single cones, and rods. A single cone consists of three 
parts: the outer, the ellipsoid, and the myoid. The so-called 
outer sections extend upward into the pigmented epithe- 
lium, and the myoid portion extends downward into the 
rods and cones. The outer or external nuclear layer of rods 
and cones contains the nuclei of the visual rods and cones. 
The nuclei of the cones are large and spherical, whereas 
those of the rods tend to be small and oval. The outer plexi- 
form layer contains darkly staining tips of rod and cone 
cells. The inner nuclear layer, as Brett and Ali (1958) 
pointed out, consists of bipolar cells, stellar ganglion cells, 
and amacrine cells. The inner plexiform layer consists of 
a broad layer of lightly staining reticular tissue and the 
axons of bipolar cells. The ganglion cell layer is composed 
of a narrow “chain of granular, spherical cells, with a sur- 
rounding reticular structure” (Brett and Ali 1958; Ali 1974). 
The nerve fiber layer consists of the nerve fibers leading 
to the optic tract. 

The lens is a spherical ball consisting of three tissues. One 
consists of an encapsulating sheath of non-cellular trans- 
parent material, which is secreted by the second tissue, the 
underlying layer of physiologically active cells. The cells 
are nucleated and are capable of division and secretion. The 
third tissue, immediately beneath these active cells, and by 
far the greatest in volume, consists of the lens fibers 
(Plate 41, Fig. 5), which constitute most of the lens volume. 
These fibers are long, slender, transparent, non-nucleated 
cells lying in layers of long parallel rows. When the lens 
is dissected, these layers of cells resemble the layers of tis- 
sue in an onion. Each layer is one cell thick and is loosely 
cemented to the layer above and below it. In contrast to 


this method of attachment, the fibers of each layer are held 
to one another by a zipper-like interdigitation (Plate 41, 
Fig. 5). Whereas the mammalian lens is elastic, and can 
be modified in shape by contraction of the eye muscles, the 
fish lens is inelastic and must be drawn inward toward the 
retina by the retractor lentis muscle to accommodate chang- 
ing sight requirements. 


Olfactory Tissue 


Salmonids and many other fishes have two nasal openings 
(Plate 43). In the grayling, Thymallus arcticus, a salmonid, 
water circulates through the olfactory apparatus as the fish 
swims (Watling and Hillemann 1964). This circulation also 
appears to occur in other salmonids. Watling and Hillemann 
(1964) described five cell types in a 3-month-old grayling 
olfactory epithelium, all of which can be assumed to be 
present in rainbow trout: neurosensory, ciliated columnar, 
mucous (or goblet), polygonal, and basal. Four of these can 
be identified in Plate 43, Fig. 4; the polygonal cell is the 
only one that cannot be clearly seen. The neurosensory cells, 
used in odor detection, are bipolar neurons. The cell body 
is located within the nuclear zone of the olfactory epithe- 
lium. The dendrite extends toward the surface, where it 
expands into a ciliated vesicle. The axon proceeds down- 
ward to penetrate the basement membrane. The typical 
ciliated columnar cell has its enlarged ciliated end reach- 
ing the surface and the opposite end tapering to a fine 
process. The mucous cells are less abundant and irregularly 
distributed. The basal cell rests on the lamina propria, and 
above it are several layers of polygonal cells containing spin- 
dle-shaped nuclei. Wandering lymphocytes and macro- 
phages are frequently seen in various areas of the epithe- 
lium. 


Gustatory Tissue 


Taste buds or papillae are present in many parts of the 
buccal cavity and esophagus of trout (Plate 44). The sensory 
cells have filamentous extensions forming a characteristic 
“tuft,” which projects from the sensory pit. 

Sensory organs essentially like those in the mouth and 
esophagus occur on the surface of the trout head. It may 
be assumed that these also function in flavor discrimination. 

Tactile organs or neuromasts are present in large num- 
bers on the surface of the body and head of many larval 
fishes (Plate 45), and Sato (1955) believed them to be present 
in the pit organs of rainbow trout and chum salmon, Onco- 
rhynchus keta. Except for the previously mentioned taste 
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buds, we have been unable to find such sensory organs in 
larval rainbow trout. The differences between the tactile 
and the taste organs are real but not always easy to see 
microscopically. Whereas the hairlike extensions of the 
sensory cells of the tactile organs are covered by a gelatinous 
cupula, the taste organs have no such gelatinous covering. 
The refractory index of this cupula is close to that of water, 
making it difficult to observe the organs in life; and when 
they are processed for sectioning their structure is greatly 
altered. 


Lateral Line Tissue 


The most recent detailed morphological description of 
the salmonid lateral line system was published by Weber 
and Sch..we (1976). Valdykov (1926) and Disler (1960) also 
described these canals anatomically. The general morphol- 
ogy of the trunk lateral line canal, an expansion of Viady- 
kov's concept as drawn by Weber and Schiewe (1976), is 
shown in Diagram 6. These investigators conceived of the 
trunk lateral line canal as a series of interconnecting cham- 
bers, each chamber being represented by a pocket in each 
lateral line scale. The two suprascalar and two infrascalar 
pores (Diagram 6a) lead into each lateral line scale pocket. 
Inasmuch as the scales overlap each other much like the 
shingles of a roof, communication between the scale pockets 
is by the posterior infrascalar pore of one scale lving over 
the anterior superscalar pore of the adjacent scale (Diagram 
6b). The bilateral supraorbital, suborbital, preopercular- 
mandibular, and the temporal canals in the head region 
are continuous bilaterally with the canals of the trunk 
lateral line. The neuromasts in the head area are found in 
the skeletal portion just below the epidermis (Weber and 
Schiewe 1976). 

Histologically, overlapping trout scales in cross section 
expose two scales and thus also expose two lateral line canals 
(Plates 46 and 47). Within the canal is at least one sensory 
organ. On the trout head there are many sensory pores, also 
part of the lateral line system. These pores permit water 
to enter and bring the sensory organs into intimate contact 
with the environment without exposing the delicate sensory 
cells to mechanical injury. Each neuromast is composed of 
a basal cluster of sensory cells and their supporting (sus- 
tentacular) cells. A group of filament-like processes, en- 
closed in the gelatinous cupula, project from these sensory 
cells. 


Auditory Tissue 


The auditory tissue of trout and many other fishes has 
four functions, as outlined by Lowenstein (1971): mainte- 
nance and regulation of muscle tone, maintenance of 
balance, gravity perception, and reception of sound. The 
labyrinth is in the posterior angles of the cranium, com- 
pletely encased in cartilage and bone (Plate 48, Fig. 1). The 











Diagram 6. (a) Lateral line scale with portion of dorsal surface 


removed to expose scale pocket and cross section of cupula and 
neuromast. (b) Longitudinal section through three lateral line 
scales. Lateral line canal is depicted by arrows. (From Weber 
and Schiewe 1976) 


structures involved are the semicircular canals and ampul- 
lae, which are filled with a fluid (endolymph). In addition, 
three ampullae —the utriculus, the sacculus, and the la- 
gena — contain three calc»reous stones or otoliths. The tis- 
sue of the canals and ampullae is a delicate “membrane” 
of connective tissue, which thickens as the fish matures until 
eventually it becomes rather tough. The sensory organ 
(Plate 48) is essentially like the sensory organs of the lateral 
line system, in which the sensory processes or filaments are 
covered by a cupula. The otoliths rest on the sensory hairs 
when the fish is in a normal, upright position; as this posi- 
tion is altered, the change in the gravitational force of the 
otoliths on the sensory hairs is the stimulus required for cor- 
rection of a fish's orientation. 


Pineal Organ 


The pineal organ is anterior to the midbrain and dorso- 
medial to the forebrain (Plate 49). In most species of fish 
the organ is tubular or sac-shaped: the lumen is connected 
by an orifice to the third ventricle of the brain (Hafeez and 
Ford 1967). In young salmonids it is visible through the 
translucent cartilage of the cranial roof but in older fish 
this area becomes covered by ossification and heavily pig- 
mented skin. It is generally believed that the organ is photo- 
sensitive, and presumably of greater importatce to the 
younger trout. It has been shown that the pineal organ has 
a secretory function in some other species of fish. There is 
good reason to believe that the pineal has both photosen- 
sory and secretory functions (Dodt 1963; Falcon and Meissi 
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1981). However, the innervation of the organ has been diffi- 
cult to trace, and further study will be needed before its 
physiological role is completely understood (Hafeez 1971). 


Rodlet Cells 


Rodlet cells (pyriform cells or “stabchendrusenzellen”) 
have been observed, studied, and reported on by many his- 
tologists, beginning with Thelohan (1892). Their nature and 
function are still unclear and remain controversial (Modin 
1981). Works of Leino (1974, 1979) and Flood et al. (1975) 


supported the belief that they ave secretory cells. They have 
been found in many species of fish, including the salmonids, 
and are located in several tissues of the body, such as the 
heart, kidney, intestine, and gills. 

Leino (1974, 1979) described the ultrastructure of both 
immature and mature rodlet cells. Under a light microscope 
the identifying features of these ceils are the electron-dense, 
light refractory rods or spicules that extend from the in- 
terior (basal) end of the cell to the opening at the apex or 
exterior end of the cell (Plate 50). The maturing cell origi- 
nates near the basal membrane of the epithelium and moves 
to the surface of the epithelium as it matures. Finally it 
appears to extrude (burst) its contents to the surface, 
whether it be the gill surface or the surfaces of internal 


organs. 

Some researchers believe the rodlet cells to be parasites 
(Bannister 1966; Iwai 1968; Mourier 1970; Mayberry et al. 
1979). 
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Plate 41. Optic Tissue 
Fig. 1. Median section through the eve of 3-month-old rainbow trout. = 40. 


a. Retina (sce Fig. 3) 
b. Optic nerve (optic disk) 


©. Cornea 
{ Corneal epitheliom 
¢ Choroid gland (sce Fig. 4) 


Fig. 2. Detail of cornea. « 20 


a. Corneal epitheliom 

b Bowman's membrane 

«. Cornea 

dd Descemet's membrane 
e Descemet’s endothelium 


Fig. 3. Detail of retina (Fig. 1). « 20 


a. Capillary layer of the choroid 

b. Pigment epithelium (the capillary layer has separated from the pigment epithelium at Bruck’s membrane, at arrow). 
©. Laver of rods and cones. External limiting membrane, arrow 

d. Outer nuclear laver of rods and cones 

e. Outer plexiform layer 

{. loner nuclear layer 

g. loner plexiform layer 

h. Ganglion cell layer 

i. Nerve fiber layer 


Fig. 4. Detail of the choroid gland. « 530 


a. Afferent capillary 
bh Efferent capillary 


Fig. 5. Eve lens fibers of a yearling rainbow trout. « 5000. Note the interdigitation of marginal protrusions and the numerous per- 
forations in the smooth fiber surface 
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Plate 42. Retina. 


Rainbow trout 3 months old. Masson's trichrome stain. x 625. 


b. Pigment epithelium 
Layer of rods and cones 
Outer nuclear layer 
Outer plexiform layer 
Inner nuclear layer 
Inner plexiform layer 
Ganglion cell layer 
Nerve fiber layer 
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Plate 43. Olfactory Tissue 
Fig. 1. Section of the olfactory capsule of a 9-month-old rainbow trout. x 40. 
a. Lamella with connective tissue core 
b. Ciliated epithelium 
Fig. 2. Cross section of the terminus of the olfactory sac. x 250. 
a. Supporting connective tissue 
b. Ciliated epithelium 
Fig. 3. Section of the nasal pouch, contrasting the two layers of epithelium. x 250. 





a. Goblet cell 
b. Cilia of ciliated epithelium 


Fig. 4. Detail of sensory epithelium. Note that the layer of sensory cells has lifted from the basement membrane and supporting 
connective tissue. « 560. 


Nucleus of an epithelial cell 
Wandering lymphocyte 
Cilia of epithelial cell 

. Columnar epithelial cell 
Mucous (or goblet) cell 
Basal cell 
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Plate 44. Gustatory Tissue 
Fig. 1. Sagittal section through the pharyngeal region of the digestive tract of 1-month-old rainbow trout. x 60. 


. Musculature 

. Brain 

Kidney 

. Esophageal region 
Pharyngeal region 
Gills 

. Remnant of yolk 


. Detail of pharyngeal region (Fig. 1). x 300. 
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Fig. 


Muscularis (cross section) 

. Pharyngeal-esophageal region 
Taste bud 

. Lamina propria 

Submucosa 

Basibranchium 
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Plate 45. Tactile Organs 
Fig. 1. Sensory organ located near the eye of 3-month-old rainbow trout. x 725. 


a. Sensory papilla. Note the sensory filaments projecting from the sensory cells. 
b. Mucous cell 

c. Melanophore 

d. Dermis 

e. Nerve fibers extending into the papilla 

2 


Fig. 2. Cutaneous sense organs in the skin of adult brook trout. x 250. 


a. Sensory papilla 
b. Invagination of the epidermis 
«. Papilla of the dermal layer (stratum vasculare) 


Fig. 3. Taste bud from the esophageal region of 3-month-old rainbow trout. x 725. 


a. Sensory papilla within the sensory pit 
b. Stratified squamous epithelium 

c. Nuclei of the neuro-epithelial cells 

d. Nuclei of supporting cells 

e. Nerve fibers of sensory cells 
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Plate 46. Lateral Line Tissue 
Fig. 1. Cross section of the lateral line tissues of a 4-month-old rainbow trout. x 40. 


a. Lateral line canals of two consecutive scales (within box) 
b. Dense connective tissue of the stratum compactum 

c. Lymph vessel 

d. Lateral line nerve 

e. Lateral musculature in cross section 

f. Blood vessel 

g. Intermuscular adipose tissue 

2 


Fig. 2. Detail of lateral line canals (boxed area of Fig. 1). « 250. 
. Goblet cell in epidermis 
. Epithelium of laterai line canal 
Scale 
. Filamentous processes of the sensory cells 
. Sensory cells 
Stratum spongiosum of the dermis 


Fig. 3. Longitudinal section of the head of 4-month-old rainbow trout, showing a sensory pore of the hyomandibular canal lying 
above the posterior arm of the horizontal semicircular canal. x 40. 


acces 


a. Skin 

b. Loose connective tissue 
c. Sensory pore 

d. Cranial cartila ge 

e. Semicircular c inal 

4 


Fig. 4. Details of sc asory pore (Fig. 3c) sectioned at a different level. x 250. 
a. Pyriform receptor cells 

b. Portion of the cupula 

c. Cross section of the bony hyomandibular canal 
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Plate 47. Lateral Line Tissue 


Cros section of 6-month-old rainbow trout. Hematoxviin and eosin stain. « 240 


a. Epidermis 

b. Scale 

c. Cupula 

d. Pyriform receptor cells 
ec. Dermis 

f. Lymph vessel 
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Plate 48. Auditory Tissue 


Fig. 1. Horizontal section through the head of 1-month-old rainbow trout, showing the location of the semicircular canals. Note 
that the membranous lining of the canals has drawn away from the surrounding cartilage. « 40. 


a. Thymus gand lying posterior to the cranium 

b. Cartilage of the cranium 

c. Metencephalon (cerebellum) 

d= Mesencephalon (optic lobe) 

e. Portion of the posterior vertical semicircular canal 
{. Portion of the horizontal semicircular canal 

g Portion of the anterior vertical semicircular canal 
h. Pore of the cephalic lateral line system 


Fig. 2. Sagittal section through the head (laterally) of 1-month-old rainbow trout. « 40. 


a Metencephalon (cerebellum) 


b. Mesencephabin (optic lobe) 
c. Receptor cells 
d) Sacculus with sagitta removed 


Fig. 3. Longitudinal section through the sacculus and the sagitta of |-month-old rainbow trout. = 250. 
a. Epithelium of the saceulus 


b. Sagitta (otolith) 
c. Macula 


Fig. 4. Detail of the macula of the sacculus. = 560 


a Sustentacular cell 
b. Hair cell nuclei 
c. Sensory hairs (filaments: 
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Plate 49. Pineal Organ 


Fig. 1. Sagittal section of the head of 3-month-old rainbow trout. « 100. 


Skin 
b. Connective tissue 
c. Cartilage of cranial roof 
d. Pineal end-vesicle 
¢. Telencephalon (forebrain) 
{. Mesencephalon (optic lobe) 
g. Saccus dorsalis 


Fig. 2. Pineal end-vesicle and a portion of the saccus dorsalis (Fig. ld and Ig; = 500) 


Blood vessel 
b. Sensory cells lining the epithelium of the end-vesicle 
¢. Sensory cell axon 
d. Epithelial lining of the saccus dorsalis 
¢. Lumen of saccus dorsalis 


Fig. 3. Section through lateral portion of pineal end-vesicle, showing many deeply staining sensory cell nuclei. = 500 


Cranial roof 
b. Pineal end-vesicle 
c. Lumen of saccus dorsalis 


Fig. 4. Section of the pineal end-vesicle, showing details of the sensory cells. « 500 


a. Sensory cells 

b. Ciliary processes of the sensory cells 
¢. Supporting cells 

d. Nerve fibers 

¢. Lumen of end-vesicle 
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Plate 50. Rodlet Cells (Masson's trichrome stain) 
Fig. 1. Cross section of salmonid intestine. x 200. 
a. Rodlet cell 
b. Mucous cells 
Fig. 2. Three rodlet cells (arrows) viewed in cross section. The characteristic rods within these cells appear as lightly stained spots. x 500. 


Fig. 3. Eight rodiet cells can be seen in this section of intestinal mucosa. The uppermost arrow points to a cell in longitudinal profile 
and the lower two arrows show cells in cross section. x 500. 


Fig. 4. Five rodlet cells (arrows) in section of intestinal mucosa. The single, saucer-shaped nucleus can be seen in three of the cells. x 500. 
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Reproductive System 


Testis 


A considerable number of descriptive works have been 
published on the trout testis (Jores 1940; Robertson 1958; 
Henderson 1962; Oota et al. 1965; Takashima et al. 1980). 
Weisel (1943) found in a comparative study that the testes 
of immature and mature sockeye salmon (Oncorhynchus 
nerka) and rainbow trout were similar. There has been 
some confusion in the past about the gross morphology of 
trout gonads, particularly the genital ducts and their 
openings. Henderson (1962) showed that the reproductive 
and urinary systems are completely separate. In both male 
and female trout, the urinary duct lies immediately pos- 
terior to the genital duct and opens through a separate ori- 
fice. 

Henderson (1962) called cells in the earliest stage of sper- 
matogenesis the primordial germ cells. Some of these cells 
divide to form primary spermatogonia and others remain 
quiescent. The developing spermatogonia divide to form 
cysts of spermatocytes. Henderson's observations on the 
brook trout suggested that the germ cells for each succeed- 
ing generation came from the primordial germ cells that 
remained quiescent along the border of the lobule. 

A longitudinal section of the testis of a 14-month-old rain- 
bow trout stained with hematoxylin and eosin shows the 
stroma of connective tissue and the associated blood ves- 
sels to be well differentiated (Plate 51, Figs. 1 and 2). The 
lobule sections appear to vary in size and shape, but this 
variation is due to the plane of sectioning. Each lobule is 
packed with spherical spermatogonia of various diameters. 
Numerous mitotic figures are evident (Plate 51, Fig. 2). 

A cross section of the testis of a 19-month-old rainbow 
trout shows extensive changes in the tissues (Plate 51, Figs. 
3 and 4). The lobules are much enlarged and the septa of 
connective tissue correspondingly stretched into relatively 
thin “membranes.” The lobule walls are divided into cysts, 
each cyst containing spermatogonia in different stages of 
development. Most cysts contain primary and secondary 
spermatocytes and a few contain spermatids nearly ready 
to be discharged into the lumen of the lobule. 

In addition to the tissues of the testis already mentioned, 
a sheath of connective tissue surrounds the organ and sus- 
pends it from the abdominal wall. This suspensory tissue 
was termed the mesorchium by Henderson (1962), who 
pointed out that it arises from the peritoneum covering the 
swim bladder. Underlying this peritoneal sheath is the tunica 
albuginea, which is composed of fibrous tissue and muscle 
fibers. 


Ovary 


Much less research has been done on the ovarian tissues 
of salmonids than on the testicular tissues. Insofar as we 
know, only Yamamoto et al. (1965) reported specifically 
on the maturation of the rainbow trout ovary. However, 
there are many studies on other species (Chouinard 1963; 
Hurley and Fisher 1966; Beams and Kessel 1973), and in 
the ovaries, as in the testes, there are apparently few dif- 
ferences between salmonids and other species of fish. 

Fish ovaries are located bilaterally along the sides of the 
abdominal cavity and are supported in the cavity by the 
mesovarian mesentery. The lamellae of the ovary are similar 
to the lobules of the testis. Both of these subdivisions of the 
gonads permit adequate blood supplies and facilitate escape 
of sperm and ova. The blood vessels surrounding the lamel- 
lae and the lobules are supported by septa of connective 
tissue. In describing the reproductive cycle of a goby 
(Gillichthys), de Viaming (1972) observed that internally 
the ovaries are made up of many branching connective 
tissue septa. The lamellae projecting into the lumen of the 
ovary are covered by germinal epithelium. Oogonia, which 
are periodically generated by the germinal epithelium, pro- 
duce oocytes. As the oocytes mature, they are released into 
the lumen of the ovary, covered by a thin sheath of con- 
nective tissue. Blood vessels develop in this theca to supply 
the follicle. 

In the maturation of the oocytes, the oogonia are referred 
to as primary oocytes and secondary oocytes (Plate 52). As 
the entrance of yolk granules into the cytoplasm (vitel- 
logenesis) proceeds, the oocytes enlarge, the follicular 
epithelium thickens, and yolk vesicles fill the ooplasm. In 
essential features, the ovarian maturation of the trout is the 
same as that of the goby, as described by de Viaming (1972): 
“With continued oocyte growth the ooplasm becomes im- 
pregnated with yolk globules which are larger than the yolk 
vesicles, and which stain with hematoxylin. Toward the end 
of the growth phase, several other morphological changes 
are observable within the oocytes and the eggs become 
translucent due to the coalescence of yolk globules. 
Examination of ovaries undergoing active oogenesis indi- 
cates that oocyte development is not synchronous; that is, 
oocytes of varying sizes and in different phases of vitello- 
genesis are present.” 
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Plate 51. Testis 
Fig. 1. Section of testis of 14-month-old rainbow trout, showing an early stage of spermatogenesis. x 250. 


a. Testicular sheath 
b. Primary spermatocytes 


Fig. 2. Detail of Fig. 1. = 560. 


a. Spermatocyte in metaphase 

b. Lobule of primary spermatocytes 

c. Macrophage adjacent to lobule wall 
d. Cyst of primordial germ cells 


Fig. 3. Section of testis of 19-month-old rainbow trout. x 250. 


Lobule containing both secondary spermatocytes and spermatids 
b. Mature sperm (spermatozoa) in lumen of lobule 


Fig. 4. Detail of Fig. 3. = 560. 
Primary and secondary spermatocytes 


b. Spermatids 
c. Spermatozoa 
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Plate 52. Ovary 
Fig. 1. Ovary of 14-month-old rainbow trout. «x 3 


Oocyte containing numerous vacuoles and a deeply staining nucleus 
b. Nucleus surrounded by many vacuoles 
c. Small oocytes surrounded by still smaller oocytes 


Fig. 2. Detail of three oocytes. x 300 


a. Stroma of connective tissue binding the oocytes into an ovigerous lamella 
b. Three layers surround the oocyte: first the zona radiata, second the follicle, and outermost the vascularized theca. 
c. Yolk 


Fig. 3. Two ovigerous lamellae. The larger oocytes presumably will mature, and the smaller ones may be resorbed. x 40. 

Fig. 4. Detail of lamella, showing one oocyte that presumably would mature and several smaller ones that might be resorbed. « 700. 
a. Yolk 
bo Nucleus 
c. Nucleolus 


BEST AVNILADLE COPY 











Chapter XIII 





Endocrine System 


The basic components of the teleost endocrine system are 
the same as those found in higher vertebrates. The system 
does, however, have tissues such as the corpuscles of Stan- 
nius, urophysis, and pseudobranch that are characteristic 
only of teleosts (Roberts 1978). Harder (1975) listed 15 tis- 
sues in which endocrine activity occurs: pituitary, thyroid, 
interrenal, chromaffin, corpuscles of Stannius, saccus vascu- 
losus, ultimobranchial, islets of Langerhans (Chapter IV), 
me ge a tg ye wg ag pseuuo- 

branchs (Chapter V), thymus (Chapter VIII), juxta- 
glomerular cells of the kidney (Chapter IX), urophysis 
Seen as SS Cae XI), and gonads (Chapter 

). 

The appr imate location of most of these tissues, which 
can be observed histologically, is shown in Diagram 7. The 
first seven tissues listed have not been discussed in preceding 
chapters and are discussed here. 


Pituitary Gland (Hypophysis) 


The terminology used here is that suggested for the 
adenohypophysial region of the teleost pituitary gland by 
Gorbman (1965), which is currently accepted by most 
investigators (McBride and van Overbeeke 1967, 1969, 


Nagahama 1973; Schreibman et al. 197? Boddingijus 1975, 
1976) 


The pituitary gland or hypophysis is ventral to the dien- 
cephalon and connected to it by a short infundibulum (Plate 
53, Fig. 1; Plate 54, Fig. 1). The two major components 
are the neurohypophysis and the adenohypophysis. Embry- 
ologically the neurohypophysis is formed by the vertical 
extension of the diencephalon, and the 
is derived from the dorsal projection of the roof of the buc- 
cal cavity (Ball and Baker 1969; Schreibman et al. 1973; 
Grizzle and Rogers 1976). The adenohypophysis is generally 
considered to be homologous to the same organ in mam- 
mals (van Overbeeke and McBride 1967). 


phynis is believed to be responsible for controlling the adeno- 
hypophysis, osmoregulation, and some aspects of repro- 
duction (Anderson and Mitchum 1974; Grizzle and Rogers 
1976). The functions of hormones produced by the hy- 
pophysis are numerous; some are well established, some are 
tentatively established, and no doubt some are stil] unrecog- 
nized. treatises and supporting literature 
citations on the subject have been published by Bern (1967), 





Diagram 7. Location of tissues in which endocrine activity occurs 
in teleosts. (Redrawn from Wedemeyer et al. 1976) 


Ball (1969), Ball and Baker (1969), Nagahama (1973), and 
Schreibman et al. (1973). 


Neurohypophysis 

, the appears fibrous since 
it consists of glial cells (pituicytes) and three types of neuro- 
secretory fibers originating in the hypothalamus of the brain 
and blood vessels. The secretory cells of the neurohypophysis 
lie within the floor of the diencephalon and their axons 
descend into the infundibulum and interdigitate with all 
areas of the pituitary (Schreibman et al. 1973; Plate 53; 
Plate 54, Figs. | and 2). A detailed discussion of the tissue 
may be found in Perks’ (1969) report. 


adenohypophysis). Cells in each of these areas can usually 
be identified by their arrangement as well as by their 
morphological and staining characteristics. Several staining 
methods have been shown to be useful in differentiating 


- the various cell types: Bouin-Hollande fixation followed by 


Masson's trichrome (Plate 55), Mallory-Heidenhain, 
Heidenhain-Azen, and periodic acid-Schiff (PAS)-orange 
G-light green (Plate 56). 

The rostral pars distalis is composed mainly of prolactin 
cells (Plates 54, 55, 56). These cells in many of the sal- 
monids, including trout, are elongated and form follicles 
and are seen predominantly in the anterior area of the 
cdenohypophysis. Ball and Baker (1969) suggested that pro- 
lactin hormone plays an important role in osmoregulation. 
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Other functions in other species of fish have also been sug- 
gested (Schreibman e: al. 1973). Adrenocorticotrophic 
(ACTH) cells or corticotrophs, which stimulate the release 
of interrenal steroids from the anterior kidney, can also be 
seen in the area (Oguri 1971). 

In the proximal pars distalis three cell types can be seen: 
somatotro,in (growth hormone), gonadotropin, and thyro- 
tropin (thyroid stimulating hormone). In Masson's tri- 
chrome stain, somatotropin cells appear dark magenta 
(Plate 54, Fig. 3) and in PAS-orange G-light green they stain 
orange G (Plate 55). In most teleosts the gonadotropins are 
usually found in the proximal pars distalis, but in trout they 
are also in the rostral region (Ball and Baker 1969). It is 
often difficult to distinguish between gonadotropin and 
somatotropin cells in Masson's or PAS-orange G-light green 
stains (Plates 54, 55) because both are basophilic and PAS 
positive (Grizzle and Rogers 1976). 

The pars intermedia is in the most posterior of the three 
adenohypophysis regions. In salmonids it frequently occu- 
pies nearly two-thirds of the area and is reported to have 
only one type of cell, the melanophore stimulating hormone 
cell (Ball and Baker 1969; Schreibman et al. 1973). 


Thyroid Gland 


The thyroid tissue in teleosts consists of glandular follicies 
scattered about the ventral aorta and branchial arteries that 
supply the gills (Plate 57). The center of each follicle is filled 
with colloid. The surrounding epithelial cells may be flat- 
tened, cuboidal, or columnar, depending on their activity. 
The colloid is a reserve of the protein-bound form of the 
thyroid hormone (Anderson and Mitchum 1974). The stain- 
ing characteristics of the colloid are indicators of glandu- 
lar activity. Eosinophilic colloid is associated with the flat- 
tened, squamous, relatively inactive epithelium. In the ac- 
tive gland with tall, columnar cells, the colloid tends to be 
more basophilic and ofter contains vacuole-like spaces. The 
area in which the follicles lie is highly vascularized. The 
size of the follicular cells varies considerably with altered 
physiological states. The vacuoles may occasionally occur 
within the follicular material (Plate 56, Fig. 3). 

Thyroxine, the secretion of the thyroid giand, is essen- 
tial for many functions. Gorbman and Bern (1962) stated 
that a far greater number of organ systems and metabolic 
processes are affected by the thyroid hormones than by any 
of the other endocrine hormones. In salmonids, thyroxine 
is essential for maturation; injections of thyroxine induce 
smoltification. Thyroxine is also essential for proper func- 
tioning of the nervous system. The best-known function is 
the accumulation and storage of iodine. The deficiency of 
this element in the water and diet of salmonids often re- 
sults in serious thyroid goiter. The use of isotopes of iodine 
has made it possible to trace thyroid products throughout 
the fish's body. The pituitary controls the thyroid gland 
through its secretion of the thryoid stimulating hormone. 
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Adrenal Gland 


Interrenal Tissue 


The interrenal tissue is located in the head (hematopoie- 
tic) kidney in close association with the cardinal veins and 
the chromaffin tissue that lines these veins. It is homologous 
to the adrenal cortex of mammals and serves primarily as 
the cortical steroid producing tissue (Nandi 1962; Yoakim 
and Grizzle 1980). The proximity of these two cell types 
leads to some confusion but they can be distinguished even 
in sections stained with hematoxylin and eosin. The histo- 
chemical differences are more evident when the sections 
are stained with Masson's trichrome. When this technique 
is used, the cytoplasm of the interrenal cells is stained 
lavender and the nuclei are stained a darker purple; in con- 
trast, the chromaffin cells show almost no coloration of the 
cytoplasm and their nuclei are lightly stained. The morphol- 
ogy of the interrenal follicles and of the cells themselves 
is very distinctive (Plate 57, Figs. | and 2). They are em- 
bedded in the hematopoietic parenchyma and usually 
assume a rounded or oval shape. The follicles may occur 
along the minor blood vessels of the head kidney, where 
they assume a long, tubular form. The nuclei of the inter- 
cal. The chromaffin nuclei are not uniform in size or shape. 


Chromaffin Tissue 


Chromaffin cells are found in the head (hematopoietic) 
portion of the trout kidney, where they are closely asso- 
ciated with the interrenal tissue (Plate 57, Fig. 3). These 
cells were so named because of their affinity for chromate 
“stains” (Plate 58). The potassium dichromate-chromate 
method of Hillarp and Hokfelt (1955) was used for the 
chromaffin reaction. The cells are homologous to the cells 
of the mammalian adrenal medulla (Yoakim and Grizzle 
1980). The granules in these cells are usually brownish; the 
interrenal cells lack such granules. In sections of kidneys 
stained with Masson's trichrome, the chromaffin cells 
appear either colorless or have a faint basic reaction, 
whereas the interrenal cells are eosinophilic and appear 
slightly pink. The nuclei of the two types of cells have char- 
acteristic features. The chromaffin nuclei are oval or irregu- 
lar in shape and are larger than the nuclei of the interrenal 
cells, which are round or oval and have e well-defined nu- 
cleolus and chromatin . The location of the 
chromaffin cells differs from that of the interrenal cells: 
whereas the chromaffin ceils lie along the major blood ves- 
sels of the head kidney, the interrenal cells are wually scat- 
tered throughout the hematopoietic tissue. 

Both epinephrine and norepinephrine are produced by 
the chromaffin cells. The functions attributed to these hor- 
mones have not been completely defined; however, they 
are known to play a role in the stress response-defensive 
“fight or flight” reactions. These defense reactions also 
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include rapid changes in blood sugar level, cardiac output, 
and blood vessel diameter. 


Corpuscles of Stannius 


The glandular bodies or corpuscles described by Stan- 
nius in 1829 are usually found on the ventral surface of the 
mesonephros. In salmonid fishes they are light-colored, oval 
clusters of cells, differing in number and location (Plates 
59, 60). Anderson and Mitchum (1974) recorded a maxi- 
mum of 14 corpuscles of Stannius, but in rainbow trout the 
number commonly ranges from 2 to 6. They arise by bud- 
ding from the pronephric duct. Each corpuscle is divided 
into a variable number of lobules by walls of connective 
tissue projecting inward from the encapsulating membrane 
(Plate 60). The lobules are composed of convoluted “cords” 
of parenchymal cells (Carpenter and Heyl 1974). In sal- 
monids these parenchymal cells are of two types, based on 
their staining reaction at the light microscope level and on 
certain microsomal differences when they are photographed 
by electron microscopy. Krishnamurthy and Bern (1969) 
characterized the two types as “granular” and “agranular.” 
The .:anular cells are periodic acid-Schiff positive; the 
agranular cells are negative. The granules appear to be 
secretory, but the function of the secretion is not well under- 
stood. Various workers have found evidence of a calcium 
regulatory function, but the pathway has not been clearly 
defined, Chester Jones et al. (1969) presented evidence that 
the secretions of the corpuscles perform a role that is dis- 
tinct from that of the adrenal cortex, but both systems may 
act on the kidney, supplementing each other in electrolyte 
homeostasis. Chan (1972) feund that the cells were active 
in salmon smolts and inactive in adults. The ultrastructure 
suggested that they were involved in production of protein 
hormones rather than steroids. Photographs by Lopez 
(1969) showed histologice! changes in the corpuscles a* dif- 
ferent times in the life cycle of the Atlantic salmon (Salmo 
salar). 


Saccus Vasculosus 


The saccus vasculosus (Plate 53, Fig. 1; Plate 54, Fig. 1) 
is a saclike protrusion of the diencephalon’s caudal infun- 
dibular wall, located directly posterior to the pituitary (Jan- 
sen and Flight 1969; Jansen 1975). Essentially, the saccus 
is an organ whose walls are infolded at many points. The 
lumen of the sac appears empty in paraffin embedded prep- 
arations, and blood lies within the folds (Plate 61, Fig. 2). 
The nuclei of the coronet cells are separated from the blood- 
filled “crevices” in the sac by the basal membrane. The prox- 
imity of the coronet nuclei and the blood suggest a need 
for high oxygenation. The distal portion of the coronet cell 
may have a storage function. Hairlike extensions from the 
distal end of the coronet cells support globules of different 
sizes (Plate 61, Figs. 3 and 4). It seems entirely possible that 





the globules consist of some substance bei: ¢ secreted into 
the lumen of the organ. Since the lumen of the saccus is 
actually an extension of the third ventricle of the brain, it 
has been suggested that the secretion of the coronet cells 
produces a neuro-stimulation. Three functions have been 
attributed to the saccus vasculosus: sensory, secretory, and 
absorptive (Jansen and Fligh: 1969). 


Ultimobranchial Gland 


The ultin:oranchial glands are found within the trans- 
verse sep‘ iit’: the connective tissue covers the ventral sur- 
face of he esophagus as it emerges through the pericardial 
septum, just dorsal to the liver attachment (Plate 62). 
Although in other species it may occur as a single gland, 
it is paired in trout (Robertson 1969). In yearling or younger 
rainbow trout the follicles are difficult to locate. Histolog- 
ically, the individual gland cells are tall-columnar (6 x 
65 wm), and each has an elongate, oval nucleus situated in 
the basa! one-third of the cell. Pang (1971, 1973) suggested 
that this gland is the source of calcitonin, which plays a 
role in calcium regulation and may also be involved in 
osmoregulation. 
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Plate 53. Pituitary Gland (1) 


Fig. 1. Section of the brain of a sexually immature 10-month-old rainbow trout. showing both the pituitary and the saccus vasculosus 
x40 


a. Saccus vasculosus 
b. Pars intermedia 

c. Rostral pars distalis 

d. Neurohypophysis 

e. Stalk of the hypophysis 
{. Infundibulum 


Fig. 2. Section of the anterior lobe of the pituitary. x 400. 


a. Follicle in the rostral pars distalis 
b. Lumen of follicle 
c. Neurohypophysis 


Fig. 3. Detail of the pituitary gland at point of contact with the saccus vasculosus. x 400. 


a. Saccus vasculosus 
b. Neurehypophysis 
c. Pars intermedia 
d. Pars distalis 
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Plate 54. Pituitary (2) 
Fig. 1. Sagittal section of the pituitary gland area of a sexually immature 10-month-old rainbow trout. Masson's trichrome stain. x 140. 
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Fig. 2. Detail of rostral pars distalis of Fig. 1. = 460. 


Neurohypophysis 
Prolactin cells forming follicles 
Corticotrophs or adrenocorticotropic (ACTH) cells 


. Detail of rostral pars distalis and proximal pars distalis of Fig. 1. = 475. 


os ° oe 


Neurohypophysis 

Somatotrophs, somatotropin hormone producing cells 
Corticotrophs or adrenocorticotropic (ACTH) cells 
Prolactin cells 
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Plate 55. Pituitary (3) 


Sagittal section of the rostral pars distalis and proximal pars distalis regions of a 14-month-old rainbow trout. Periodic acid Schiff (PAS)- 
orange G-light green stain. = 440 


Somatotrophs. These somatotropin hormone producing cells are orange C positive 

b. Thyrotrophs or gonadotrophs. These PAS positive cells could be either thyroid stimulating hormone or gonadotropin hormone 
producing cells 

Corticotrophs. Light green positive adrenocorticotrophic (ACTH) cells 

4d. Prolactin cells. These cells are PAS negative 


cr 
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Plate 56. Thyroid Cland 

Fig. 1. Crom section of bead of 3-month-old rainbow trout. «x W 
a. Buccal cavity 
b Follicle of the thyrond gland 


1 Aorta 
4d. Ciéll ament 


Fig. 2. Dero” of the thyroid gand. = 200 
a Thyroid follicle 
b. Wall of the aorta 

Fig. 3. Detail of thyroid follicles. = 450 


a Nuchews of follicle cell 
b. Colleid 
c Vacuole 























Plate 57. Adrenal Glands 


Fig. 1. Section of the hematopoietic head kidney of a yearling rainbow trout, showing interrenal tissue (arrows) lying adjacent to 
the ramifications of the postcardinal veins. The characteristic features of these endocrine cells are pale cytoplasm and dark, con- 
trasting nuclei. « 320 






a. Hematopoietic tissue of the head kidney 
b. Posteardinal vein 


Fig. 2. Different section of the kidney shown in Fig. 1. The interrenal tissue (arrow) is usually associated with the blood vessels, although 
is'ets are occasionally scattered through the hematopoietic tissue. x 320. 


Fig. 3. Chromaffin cells (arrows) lining a cardinal vein of the trout head kidney. = 725. 
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Plate 58. Chromaffin cells 


Section of the postcardinal vein area from the head kidney of a 14-month-old rainbow trout. Stained by the potassium dichromate- 
chromate method. x 540. 


. Interrenal cells 

. Chromaffin cells. Note slightly brown chromate positive cells. Nuclei of these c2lls also appear to have chromatin margination 
with somewhat clear cytoplasm. 

. Hematopoietic tissue of the head kidney 

. Postcardinal vein 
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Plate 59. Corpuscle of Stannius (1) 
Fig. 1. Section through the excretory kidney of young-of-the-year rainbow trout, showing a large, oval corpuscle of Stannius. x 40. 


a. Renal kidney 
b. Corpuscle of Stannius 
c. Blood vessel 


Fig. 2. Detail of corpuscle of Starnius lying adjacent to the lateral body musculature. x 250. 


a. Corpuscle of Stannius 
b. Capsule or urinary sheath 
c. Lateral musculature 


d. Renal tubule 

Fig. 3. Corpuscle of Stannius shown in Fig. 1. x 250. 
a. Hematopoietic tissue of the kidney 
b. Renal capillary with erythrocytes 


c. Tangential section of a renal tubule 
d. Corpuscle of Stannius composed of many lobules 
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Plate 60. Corpuscle of Stannius (2) 
Section of the mid-kidney of a 12-month-old rainbow trout. May-Grunwald Giemsa stain. x 1600. 


a. Hematopoietic tissue 
b. Renal tubule 
c. Corpuscle of Stannius 
d. Melanophores 
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Plate 61. Sac us Vasculosus 
Fig. 1. Cros. section of the head of a 3-menth-old rainbow trout. x 40. 
Optic lobe 


b. Inferior lobe 
c Saccus vasculosus 


Fig. 2. Higher magnification of Fig. lc showing the characteristic folded structure and the blood vessels lying within the folds. x 250. 


Lumen of the gland 
Blood supply surrounding the gland 


Fig. 3. Detail of portion of the saceus. = 560 


Pyramidal cell nucleus 
Epithelial cell nucleus 
¢. Blood supply 


Fig. 4. Detail of fold of saccus. =x 560 


a. Lumen of caocus 
b. Blood supyty exterior to the saccus 
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Plate 62. Ultimobranchial Cland 


Fig. 1. Low power view of the ultimobranchial gland of a yearling rainbow trout. Three lobes (a) of the gland are shown in this 
photo. The walls of the lobes fold inward and the entire glandular mass is encapsulated by dense and loose connective tissue. x 40 


Fig. 2. Enlarged view of the folded interior of an ultimobranchial lobe. Note that the arrows in Figs. | and 2 point to the same fold. «x 400 
a. Dense connective tissue surrounding the gland and extending into each fold 
b. Loose connective tissue exterior to the dense connective tissue capsule 


Fig. 3. Detail of the gland cells. Each cell is columnar; the apical end (arrow) discharging into the lumen, and the basal end with 
its elongate nucleus touching the band of dense connective tissue. = 400. 


Fig. 4, Cells within the lumen of the gland. x 400 


a. Interior border of gland cells 
b. Cells of unknown character within the gland lumen 
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Fixation and Staining Procedures 


Fixation Procedure of Specimens for Routine 
Histological or Histopathological Examit ation! 


I. General Recommendations for Preparing 

Specimens 

A. When selecting diagnostic specimens for histologica! 
examination select only fish that show the typical 
signs of the malady in question. The fish should be 
moribund (in a dying state but not dead). If possible, 
also include “normal” fish. If normal fish of the same 
species and age are not available, asymptomatic fish 
taken from the same group as the moribu od fish will 
suffice. 


PR. Collect diagnostic specimens before any treatment of 
the fish i started. 


©. Label all containers, showing species and date 
collected; distinguish between groups of fish. 


D. Include a complete history 


. Source of fish 

Nutrition 

Symptoms and date first noticed 

Percent mortality (daily, weekly) 

Water temperature 

Recent handling of fish 

Diagram of the rearing facility, showing water 
supply, flow, and location of affected fish 

List of any past diseases ind their treatments 
(type, frequency, dosage, etc.) 

Any additional information that you think might 
be eful. 


Il. Fixation Procedure for Histological or 
Histopathological Examinaticn 
A. Select live fish only, at least five moribund and five 
normal fish. 
B. Do not use fish that are dead frozen or unfixed, 
or that have been fixed after d..<h, they are not ac- 


ceptal'e for histological evaluation because post- 
mortem changes may occur in the tissue. 





'This fixation 


procedure was prepared by the National Fishery Re- 


search Center, U.S. Fish and Wildlife Service, Seattie, Wash- 


ington 


C. Fixation 


C. 


w 


The fixing solution of choice is Bouin's solution; 
however 10% buffered formalin is also accept- 
able. 


_ Kill fish by severing the spinal cord immediately 


posterior and dorsal to the operculum (in the nape 
or neck area). 


. Slit fish ventrally from the anus to the gills. 


4. Pull viscera away from the kidney area (which is 


located along the backbone) and puncture the air 
bladder to facilitate fixation of the kidney. 
Slit the body muscle on either side of the dorsal 
fin lengthwise from behind the head to the tail. 
This cut is particularly important if the fish are 
longer than about 40 mm. 

Place fick oi Sch tissues into the fixative at volume 
ratio of 1:10 (fish: fixative). 

Leave fish tissues in the fixing solution 24-8 h 
and then transfer them to 70% ethyl alcohol (or 
leave them in the fixative if no alcohol is avail- 
able). 

If fish are longer than 100 mm, slit intestines and 
kidney along entire length and open cranial cap 
to facilitate fixation; if they are longer than 
160 mm, cut small thin pieces of each organ (i.e., 
digestive tract, and any lesion observed). The 
pieces can be up to 25 mm square but no thicker 
than 5 mm. 


Instructions for Shipping Speci:nens 
to the Laboratory 


A. After the #,ecimens have bee in the fixecve 24-48 h, 
transfer them into a plastic bag, add a small amount 
(about 10 oc) of (5-70% ethyl alcohol or fixative (to 
keep the tissue moist), and seal 


Bottles containing spec.mens may be shipped, but 
there is danger of breakage or loaking unless they are 
very well packed. 
Box specimens in a stout container and ship by any 
convenient means. 
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Saturated picric acid 

Picric acid 2ig 
Distilled water 1,000 mL 
Bouin's “luid 

Saturated picric acid 1,500 mL 
Formalin 500 mL 
Glacial acetic acid 100 mL 


Solution should keep for at least 6 months if it is pro- 
tected from freezing and excessive heat. 


. Bouin-Holiande Sublime 
1. Stock solutions 
Solutior, A 
a. Add 2.5 g cupric acetate to 100 mL. distilled 
water 
b. Add 4 g picric acid and stir untii dissolved 
c. bilter 
d. Add 10 mL formaldehyde and | mL acetic 
acid to filtrate 
Solution B 
a. Prepare saturated mercuric chloride (2 g mer- 
curic chloride in 20 mL distilled water — 
approximately 10% solution) 
b. Cool and filter 
2. Working solrtion 
a. Add 9 parts of Stock Solution A to | part of 
Working Solution B (fixation time 24-48 h) 
b. Store tissues in 70% ethyl alcohol 


(This fixative is especially good for Masson tri- 
chrome stain.) 

. Buffered Neutral Formalin Solution 
Formaldehyde (37-40% ) v0 wl 
Distilled water 990 aL 
Sodiurn phosphate (monobasic) 4¢ 
Sodium phosphate (dibasic) 65¢ 

Staining Procedures 
Hematoxylin and Kosin Stain 
A. Stock Solutions 


1. Harris hematorylin stock (good for abo 
months) 


Hematoxylin 4g 

95% ethanol 0g 

AINH, (SO,),*12H,O Og 
(aluminum ammonium sulfate) 

Distilled water 800 g 
Mercuric oxide 2¢ 

Acetic Acid 20 drops 


c. Add hematorylin solution to aluminum am- 
monium sulfate and boil 1/2 min 
d. Add to mixture mercuric onide and cool 


e. Add acetic acid (watch to we that it turns 
tm tomato color) 
2. Eosin Stock (Putt's eosin) 
Eosin Y (Color Index No. 45380) W¢ 
Potassium dichromate 5¢ 
Saturated aqueous picric acid 100 mi. 
Absolute ethanol 100 ml. 
Distilled water 800 mi. 
Glacial acetic acid 10 drops 


a. Mix all above except glacial acetic acid 
b. Add glaci«! acetic acid 
c. Stir until dissolved 
3. Saturated Aqueous Picric Acid 

Picric acid 

Distilled water 
Dissolve picric acid in distilled water until 
a few crystals remain und.gsolved 


ae 


1. Harris hematoxylin (warm and filtered) 
Should be warm enough so that it runs down a 
glass rod in layers when the rod is taken out of 
the solution. Viability of the stain can be checked 
by placing a few drops into a beaker of water. If 
it immediately turns purple or blue it is usable, 
but if it remains a reddish color or takes a while 
to change from reddish to purple, it is probably 
too old, and a new solution should be made. 
2. Ammonia 70% alcohol 


Ammonium hydroxide 10 drops 
70% ethanol oT 
3. Eosin 
Stock eosin 100 mi. 
Distilled water 100 mL 
4. Acid alcohol (vary concentration if destaining is 
i~odequate) 
HCl 1 mil. 
70% EtOH 99 mi. 
. Procedure 
1. Deparaffinize 
Xylene 5 min 
Xylene 3-5 min 
2. Hydrate to water 
100% EtOH 5 min 
100% EtOH 5 min 
95% EtOH 5 min 
70% EtOH 5 min 
70% EtOH 5 min 
Water rinse 
3. Stain 
Harris hematorylin 15 min 
(warm and filtered) 
Running vater rinse 
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4. Destain 
Acid alcohol 3-10 quick dips (or until 
specimen is rose-colored; 
nuclei should be distinct) 
Ammonia 70% alcohol until dark blue 
Counterstain 
Fosin 15 s to 2 min (usually 3-4 dips; 
check under microscope for color, 
to prevent the stain’s becoming too 


wn 


ied) 

6. Decolorize and dehydrate 
70% EtOH 3 min 
70% EtOH 5 min 
70% EtOH 5 min 


Check to see if excess eosin has been removed (less 
time may be required) 

95% EtOH 2-3 min, depending on redness 
100% EtOH 2-3 min, depending on redness 


10% EtOH 3 min 
Xvlene 5 min 
-. slene 5 min 


D. Pesults 


Nuclei — blue 
Cytoplasm — various shades of pink, identifying dif- 
ferent tissue compounds 


.. Reterence 


Modified from G. L. Humason, 1967. Animal tissue 
techniques, 2nd ed. W. H. Freeman and Co. 569 pp. 


Il. Leishman-Giemsa Stain (for blood smears and 


tissue imprints) 


A. Solutions 


1. Leishman Blood Stain 
2. Giemsa Stain 


Stock 
Giemsa powder l¢g 
Glycerin 66 mL 


Mix glycerine and Giemsa powder. Place in oven 
at 56-66° C for 0.5-1 h. Finally add 66 mL 
absolute methonol after solution has cooled. 

3. Phosphate buffer solution, 1% (pH 6.0) 
(see May-Griinwald stain) 

4. Working Giemsa 
Stock Giemsa 14 mL 
Phosphate buffer (6.0) 200 mL 
Must be made daily. 


Procedure 

Stain slides the same day they are made. If they can- 
not be stained on the same day, place them in a slide 
box and keep them refrigerated. The slides should be 
stained within a few days. If deemed necessary to de- 
lay staining, double the staining time in both the 
Leishman and Giemsa. 


Staining: 
1. Fix in absolute MeOH 5 min 
2. Leishman Stain 3 min 
3. Working Giemsa 5 min 
4. pH 6.0 phosphate buffer Rinse well! 
5. Rinse in tap water to remove residual stain. 
6. Air-dry overnight, and mount (if mounted im- 


mediately after staining, slide will be cloudy be- 
cause drying was incomplete). Also, keep slides 
in the dark while they are drying, to prevent 
fading. 


>. Reference 


G. A. Wedemeyer, and W. T. Yasutake. 1977. Clini- 
cal methods for the assessment of the effects of 
environmental stress on fish health. U.S. Fish Wildl. 
Serv., Tech. Pap. 89. 18 pp. 


III. Masson's Trichrome Method 
A. Solutions 


1. Bouin's Solution 

(See preceding section on fixation procedure.) 
2. Weigert’s Iron Hematoxylin Solution 

Solution A 


Hematoxylin crystals lg 

Alcohol, 95% 100 mL 
Solution B 

Ferric chloride. 29% aqueous 4 mL 

Distilled water 95 mL 

Hydrochloric acid, concentrated 1 mL 


Working solution: Equal parts of Solution A and 
Solution B. 
3. Biebrich Scarlet-Acid Fuchsin Solution 


Biebrich scarlet, aqueous, 1 % 90 mL 
Acid fuchsin, aqueous, 1% 10 mL 
Glacial acetic acid 1 mL 
4. Phosphomolybdic--Phosphotungstic Acid Solution 
Phosphomolybdic acid 5g 
Phosphotungstic acid 5g 
Distilled water 200 mL 
5. Aniline Blue Solution 
Aniline blue 2.5¢g 
Glacial acetic acid 2.0 g 
Distilled water 100 mL 
6. 2% Light Green Solution 
Light green, SF yellowish 2¢ 
Distilled water 98 mL 
Glacia! acetic acid 1 mL 
7. 1% Glacial Acetic Acid Solution 
Glacial acetic acid 1 mL 
Distilled water 100 mL 
B. Procedure 


1. Deparaffinize and hydrate to distilled water. 

2. Mordant in Bouin’s solution for 1 h at 56° C, or 
if formalin-fixed, overnight at room tempera- 
ture. 
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3. Cool and «wash in running water until yellow 
color disappears. 

4. Rinse in distilled water. 

5. Weigert’s iron hematoxylin solution for 10 min. 
Wash in running water 10 min. 

6. Rinse in distilled water. 

. Biebrich scarlet-acid fuchsin solution for 2 min. 

Save solution. 

. Rinse in distilled water. 

9. Phosphomolybdic-phosphotungstic acid solutioy 
for 10 to 15 min before aniline blue solution. 
(Aqueous phosphotungstic acid 5% for 15 min 
before light green counterstain.) Discard 
solution. 

10. Aniline blue solution for 5 min or light green solu- 
tion for 1 min (for central nervous system 15 to 
20 min). Save solution. 

11. Rinse in distilled water. 

12. Glacial acetic solution for 3 to 5 min. Discard 
solution. 

13. Dehydrate in 95% alcohol absolute alcohol, and 
clear in xylene, two changes each. 

14. Mount. 


. Results 

Nuclei — black 

Cytoplasm, keratin, muscle fibers and intercellular 
fibers — red 

Collagen — blue 

Note: To insure proper mordanting, Bouin's solution 
should be preheated to 58-60° C. 


. Reference 

Modified from P. J. Masson. 1929. Trichrome stain- 
ings and their preliminary technique. J. Tech. 
Methods 12: 75-90. 


~] 


(os) 


IV. May-Grinwald Giemsa Stain (for paraffin sec- 


tions} 


A. Stock Solutions 


1. Jenner's Stock (keep refrigerated) 
Jenner stain 2.5¢ 


Methyl alcohol 1,000 mL 
2. Giemsa (keep refrigerated) 

Giemsa 3.5 g 

Glycerin , 231 mL 

Absolute methyl alcohol 231 mL 


. Mix glycerin and Giemsa 
b. Place in oven at 60° C for 1-1.5h 
c. Stir often while in oven 
d. Remove from oven and add methyl alcohol 
e. Store in refrigerator (4° C) 
Note: Commercially prepared stock Giemsa can 
be used instead. 

3. Phosphate Buffer —pH 6.0 (keep refrigerated) 
Sodium phosphate monobasic 35 g 
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Sodium phosphate dibasic 4.84 ¢ 
Distilled \. ater 3,960 mL 


B. Working Solutions 


1. Working Jenner Solution (replace each week) 


Stock Jenner 125 mL 
Distilled water 125 mL 
2. Working Giemsa Solution (replace each day) 
Stock Giemsa 14 mL 
Phosphate buffer 200 mL 
3. 1% Acetic Acid 
Acetic acid, glacial 10 mL 
Distilled water 990 mL 
C. Procedure 
i. Xylene (2 changes) 5 min each 
2. 100% EtOH 4-5 dips 
3. 100% EtOH 4-5 dips 
4. 100% EtOH 5 min 
5. 100% EtOH 5 min 
6. 95% EtOH 4-5 dips 
7. 95% EtOH 5 min 
8. Running tap water 5 min 
9. Methyl alcohol (2 changes) 3 min each 
10. Working Jenner solution 6 min 
(replace eacii week) 
11. Working Giemsa solution overnight 
(replace each day) 
12. Running tap water 4-5 dips 
13. 1% acetic acid 1 quick dip 
14. Running tap water 4-5 dips 


15. Dehydrate (differentiate as desired 

while the slides are in the 

95% EtOh): 3-95% ; 3-100% EtOh 4-10 dips 
16. Xylene (5 changes) 2 min each 
17. Mount 


. Results 


Nuclei — blue 
Cytoplasm — pink to rose 
Bacteria — blue 


. Reference 


Modified from L. G. Luna, editor. 1968. Manual of 
histologic staining methods of the Armed Forces Insti- 
tute of Pathology, 4th edition. McGraw-Hill, New 
York. 


V. Peroxidase Stain (for blood smear and 
tissue imprints) 
A. Solutions 


1. Copper sulphate solution, 1% (fixative) 

2. Benzidine soluticn, 0.1% (primary stain reactant) 
Benzidine 0.2¢ 
Distilled water 200 mL 


Hydrogen peroxide (3% solution) few drops 
Disscive benzidine with a few drops of distilled 
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Vi. 


water, then add rest of water and filter. Add a 
few drops of 3% hydrogen peroxide, mix, and 
warm to 30-40° C. 

3. Safranin, 1% solution (counterstain) 


Procedure 
For air-dried blood smears and imprints: 
1. Flood slide with CuSO, soluticn 
2. Follow immediately with Benzidine solution (a 
blue precipitate will form) 
3. After 1 min, wash off with water and counter- 
stain 2 min with safranin 


. Results 


Granulocyte cytoplasm granules — blue 
Remaining cells — red 


. Reference 


Modifed from R. Yuki. 1957. Blood cell constituents 
in fish. 1. Peroxidase staining of the leucocytes in rain- 
bow trout (Salmo irideus). Bull. Fac. Fish., Hokkaido 
Univ. 8: 36-44. 


Periodic Acid Schiff (PAS)-Orange 
G-Light Green Stain 


A. Solutions 


1. Aqueous periodic acid — 0.5% 

2. Schiff'’s reagent 
Dissolve 1 g of basic fuchsin in 200 mL of boil- 
ing distilled water. Shake for 5 min and cool to 
50° C. Filter and add to the filtrate 20 mL of 


N-HCi. Cool to 25° C and add 1 g of anhydrous 
sodium (or potassium) metabisulphite (Na,S,O,). 
Set this solution in the dark for 48 h— solution 
will become straw-col: red. Store the filtrate in 
a dark bottle at 0-4° C. Allow it to reaci: room 
temperature before use. 

3. Aqueous Orange G, 1% 

4. Phosphotungstic acid, 5% 

5. Aqueous light green, 1% 


. Procedure 


Bring sections to distilled water 
Oxidize in 0.5% aqueous periodic acid for 5 min 
Treat with Schiffs reagent for 15 min 

Wash in running water for 10 min 

Stain in 1% aqueous orange G for 10-15 s 
Mordant in 5% phosphotungstic acid for 15 s 
Rinse in running tap water for 15 s 

Stain in 1% aqueous light green for 1 min 

. Rinse briefly in 1% acetic acid 

. Dehydrate in alcohols, clear and mount 


PSPNOKe oper 


ee 


. Resul 


Somatotropin cells— Orange CG positive 

Thyroid stimulating hormone and growth hormone 
cells — PAS positive 

ACTH cells —ligit green positive 

Prolactin cells—PAS negative 


. Reference 


Modified from A.G.E. Pearce. 1961. Pages 821-823 
in Histochemistry — theoretical and applied. Little, 
Brown and Co., Boston. 
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Abductor muscle, gill, 62 
A-cells, pancreatic, 27, 58 
Acellular bone, 7 
Acini, pancreatic, 26, 56, 57, 58, 78 
Adductor muscle, gill, 62 
Adenohypophysis, 152, 160, 162 
Adipose tissue, 26, 44, 56, 78, 134 
Adrenal tissue, 153, 168, 170 
Adrenal cortical tissue (see Interrenal tissue) 
Adrenocorticotrophic cells, 153, 162, 164 
Adventitia, 71 
Afferent artery 
gili, 62, 66, 74 
pseudobranch, 68 
Agranular cells, corpuscles of Stannius, 154 
Air bladder (see Swim bladder) 
Alpha cells (see A-cells) 
Ameloblasts (see Inner enamel epithelium) 
Anal papilla, 50 
Anus (see Vent) 
Aorta, 71, 74, 166 
Arteries, 71, 74, 78 
Arteriole 
afferent glomerular, 97, 100 
efferent glomerular, 97, 100 
in liver, 52, 78 
in pancreas, 56, 78 
Astrocytes, 104 
Atrio-ventricular valve, 32, 70 
Atrium, 6, 70, 75, 76 
Auditory tissue, 118, 138 
Auerbach’s plexus, 44, 56 
Axon, 104 


Basement membrane, 42, 44, 97, 100 
Basihyal cartilage, 34 
Basibranchium, 130 
B-cells, pancreatic, 27, 58 
Beta-cells (see B-cells) 
Between brain (see Diencephalon) 
Bile duct, 26, 52, 54, 78 
Biliary tissue, 24, 26, 54 
Blast cells, blood (see Stem cells) 
Blood 
cells, 82-83, 87, 88 
stains, 182 
Bone, 7, 10 
Bouin's fluid (see Fixatives) 
Bouin-Hollande fluia (see Fixatives) 
Bowman's 
capsule, kidney, 97, 100 
membrane, eye, 124 





‘Illustrative materials are indicated by italicized numbers. 


Brain, 3, 4, 6, 104, 108, 110 

Brockman bodies (see Islet of Langerhans) 
Brush border (see Striated border) 

Buccal cavity (see Oral cavity) 

Bulbus arteriosus, 6, 32, 70, 75, 76 


Calcitonin, 154 
Cardiac glands, ‘5, 36, 38 
Cardiac muscle, 8, 76 
Cardiac stomach. 25, 36, 38 
Cardinal vein, posterior (see Posterior cardinal vein) 
Cardiovascular system, 70-71, 74-81 
Carotenoid granules, 14 
Cartilage, 4, 7, 10, 34 
Caudal neurosecretory tissue, 105, 114 
Caudal pars distalis (se@ Proximal pars distalis) 
Cellular bone, 7 
Central nervous system, 104-105, 108-115 
Centval vein, liver, 26, 52 
Cerebellar valvula, 3, 32 
Cerebellum, 3, 4, 32, 108 
Cerebral hemisphere, £ 
Chemosensory cells, 14 
Chloride cells 
epidermis, 14 
gill, 62, 66 
Chondroblasts, 7 
Chondrocytes, 7, 66 
Chondroid-like cells, 10 
Choroid, 27, 62, 124 
Chromaffin tissue, 153-154, 168, 170 
Chromatophores, 14-15, 22 
Circulatory system (see Cardiovascular system) 
Club cells, 14 
Collecting duct, kidney, 97, 102 
Collagen, 14 
Common cardinal vein, 70, 81 
Cones, retina, 117, 124, 126 
Connective tissue 
fibrous, 7, 27, 60 
loose, 134 
reticular, 92 
Cords, liver, 26, 52 
Cornea, 124 
Coronary artery, 75 
Coronet cells, 154 
Corpuscles of Stannius, 154, 172, 174 
Cortical steroid, 153 
Corticotrophs (see Adrenocorticotrophic cells) 
Ctenoid scales, 14 
Cupula, 118, 134, 136 
Cycloid scales, 14 


Dahigren cells, 105, 114 








D-cells, pancreatic, 27 
Dendrites, 104, 117 
Dentary cartilage, 34 
Dentine, 24, 34 
Depressor dorsalis, 12 
Dermis, 12, 14-15, 22, 47 
Descemet's endothelium, 124 
Descemet's membrane, 124 
Diencephalon, 3, 32, 108, 162, 192 
Digestive system, 24-27, 32-5] 
Distal tubule, kidney, 98, 100, 102 
Dorsal aorta, 10, 74 
Dorsal aorta ligament, 10, 71 
Dorsal fin, 12 
Dorsalis 

depressor, 12 

erector, 12 
Drosopterin granules, 14 
Ducts of Cuvier (see Common cardinal vein) 
Dura mater, 104, 110 


Efferent artery, gill, 62, 66, 74 
Elastic cartilage, 7 
Elastic connective tissue, 71, 76 
Enamel, 24, 34 
Enameloid, 24 
Endocardium, 70 
Endocrine system, 152-154, 160-179 
Endocrine tissue, 26-27, 152-154, 160-179 
Endolymph, 118 
Endomysium, /2 
Ependymal cells, 104 
Epicardium, 70, 75 
Epidermis, 4, 12, 14, 15, 18, 20, 22 
Epinephrine, 153 
Epithelium 

columnar, 40, 48, 97-98 

corneal, 124 

outer enamel, 34 

sensory, olfactory, 128 

squamous, 66, 100 

stratified squamous, 132 
Erector dorsalis, 12 
Erythroblast, 88 
Erythrocytes, 82, 87, 88 
Esophageal gland, 25, 36 
Esophageal mucosa, crypt of , 36 
Esophagus, 23, 25, 26, 36, 130 
Exocrine tissue, 27 
Eye, 117, 124, 126 


Fat cells (see Adipose tissue) 
Fiberblasts, 14 
Fibrocyte, 12 
Fibrous cartilage, 7 
Fibrous connective tissue, 7 
Fixation procedures, 180 
Fixatives 
Bouin's fluid, 1, 181 
Bouin-Hollande Sublime, 181 
Buffered neutral formal solution, 181 


Follicle 
ovarian, 52, 150 


thyroid, 166 
Forebrain (see Telencephalon) 


Gall bladder (see Biliary tissue) 
Ganglion, 4, 108, 112 
Ganglion cell layer, retina, 117, 126 
Gas bladder (see Swim bladder) 
Gastric pit, 25 
Ghost cells (see Smudge cells) 
Gill 
arch, 3, 6, 62, 68, 94 
lamellae, 3, 62, 66 
filaments, 3, 62, 66 
Glomerulus, 97, 100 
Glucagon, 27 
Goblet cells (see Mucous cells) 
Gonadotropin, 153 
Granular cells 
digestive tract, 25, 38, 42 
epidermis, 14 
gill, 82 
stomach, 38, 42 
corpuscles of Stannius, 154 
Granular layer, optic tectum (see Stratum periventriculare) 
Granulocytes, 82, 88 
Gray matter, 108, 110 
Ground substance, 14 
Growth hormone (see Somatotropin) 
Guanine, 14, 22 
Gustatory tissue, 24, 117-118, 130 
Hassel’s corpuscles, 91 
Head kidney, 6, 32, 88, 91 
Heart, 6, 70-71, 74, 75 
Hemal vein, 10 
Hematopoietic tissues 
kidney, 32, 88, 91, 100, 170, 172 
spleen, 91, 92 
thymus, 91, 94 
Hemocytoblast, 88 
Hepatic 
artery, 26 
sinusoid, 26, 52 
vein, 27 
Hepatic portal 
system, 26 
triad, 78 
Histocytes, 83 
Holocrine gland, 14 
Hyaline cartilage, 7, 10 
Hyomandibular canal, 134 
Hypodermis, 15 
Hypophysis (see Pituitary) 
Hypoxanthine (see Guanine) 


Infectious hematopoietic necrosis, 25, 82 
Infundibulum, 152, 160, 162 

Inner enamel epithelium, 24 

Inner nuclear layer, retina, 117, 126 
Inner plexiform layer, retina, 117, 126 
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Insulin, 27 
Intercellular substance, 14 
Interrenal tissue, 153, 168, 170 
Intestine 
ascending, 25, 46 
descending, 25, 50 
Intima 
arteries, 71 
veins, 71 
Involuntary muscle (see Smooth muscle) 
Iridophores, 14, 15, 22 
Iris, 124 
Islet of Langerhans, 27, 56, 58 


Juxtaglomerular cells, 97 


Keratinocytes, 14 
Kidney, 10, 91, 97-99, 100-102 

(see also Hematopoietic kidney and urinary system) 
Kupffer cells, 52 
Lagena, 118 
Lamina epithelialis, 40, 54, 60, 82, 88 
Lamina propria 

gall bladder, 54 

intestine, 46, 48 

pyloric caeca, 44 

stomach, 25, 38, 40, 42 
Lamellae 

gill (see Gill, lamellae) 

ovary (see Ovigerous lamellae) 
Lateral line tissue, 118, 134, 136 
Leishman-Giemsa stain, 182 
Lens, 117, 124 
Ligament, interior longitudinal, 10 
Liver, 6, 25-26, 38, 52 
Lymph 

heart valve, 71 

vessel, 134, 136 
Lymphatic system, 71, 80 
Lymphocyte 

cells, 82, 87, 88 

wandering, 25, 44, 98, 128 


Macrophages, 83, 91 
Macula, 138 
Malpighian cells, 14 
Masson's trichrome stain, 182 
Mauthner cells, 104-105, 110 
Media 

arteries, 71 

veins, 71 
Medulla oblongata, 3, 6, 32, 108 
Melanin-macrophage centers, 91 
Melanophores, 14, 15, 22, 91, 100, 174 
Mesangial cells of glomerulus, 97 
Mesencephalon (see Optic lobe) 
Mesenchymal tissue, 3, 4, 108 
Mesoadenohypophysis (see Proximal pars distalis) 
Mesonephric duct, 97, 102 
Mesorchium, 145 
Mesovarian mesentery, 145 
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Metaadenohypophysis (see Pars intermedia) 
Metencephalon (see Cerebellum) 

Microridges, epidermis, 14, 18 

Molecular layer, optic tectum (see Stratum marginale) 
Monocytes, 83 


digestive tract, 25, 46, 142 

epidermis, 12, 14, 20, 134 

gill, 70, 66 

olfactory epithelium, 117, 128 
Muscle, 4, 7-8, 10, 12, 18, 20 
Muscularis 

digestive tract, 25, 36-5! 

gall bladder, 2, 54 

swim bladder, 27, 60 
Myelencephalon (see Medulla oblongata) 
Myelinated nerve fiber (see White matter) 
Myocardium, 70 
Myofibrils, 7 
Myofilaments, 7 
Myomere, 12 
Myosepta, 12 


Nephrons, types of, 97 
Nerve cell layer, retina, 117, 126 
Nervous system, 104-107, 108-115 
Neuroglial cells, 104, 105, 110, 114 
Neurohypophysis, 152, 160, 162 
Neurolemma, 105, 112 
Neurons, 104, 105 
Neurophil, 104 
Neuromasts 

tactile organ, 117, 132 

lateral line, 118, 134 
Neurosecretory system, 105, 114 
Neurosensory cells, olfactory epithelium, 117 
Neutrophils, 82-83, 87, 88 
Noreinepinephrine, 153 
Notochord, 7, 10, 32, 108 
Nuclear shadow (see Smudge cells) 


Odontoblasts, 34 

Olfactory tissue, 3, 117, 128 
Oligodendrocytes, 104 

Oocytes, 145, 150 

Oogonia, 145 

Operculum, 4, 68 

Optic lobe, 3, 4, 110, 108, 117 
Optic nerve, 3, 112, 124 

Optic tectum (see Optic lobe) 

Oral cavity, 3, 24, 34 

Oral valve, 3, 34 

Outer nuclear layer, retina, 117, 126 
Outer plexiform layer, retina, 117, 126 
Osmoregulation, 154 

Osteoblasts, 7 

Osteocytes, 7 





Otolith, 138 
Ovigerous lamellae, 150 
Ovary, 145, 150 


Papillae (see Taste buds) 

Pancreas, 27, 56, 58, 78 

Pancreatic duct, 58 

Parasympathetic ganglion cell (see Auerbach’s plexus) 
Pars intermedia, 152-153, 160, 162 
bericardium, 70 

Peroxidase stain, 183 

Pharynx, 3, 24, 32, 130 

Pia mater, 104, 110 

Pigment cells, 14-15, 22 

Pilaster cells, 62, 66, 68 

Pillar cells (see Pilaster cells) 

Pineal organ, 3, 118-119, 140 

Pituitary, 32, 152-!53, 160, 162, 164 
Pneumatic duct, 32, 36 

Podocytes, Bowman's capsule, 97, 100 
Polychromatocyte, 82, 87, 88 
Polymorphonuclear leukocytes (see Neutrophils) 
Postcardinal vein (see Posterior cardinal vein) 
Posterior cardinal vein, 10, 153, 168, 170 
Primordial germ cells, 145 
Proadenohypophysis (see Rostral pars distalis) 
Prolactin cells, 152, 162, 164 
Prolymphocyte, 88 

Proximal pars distalis, 152-153, 162, 164 
Proximal segment, renal tubule, 97-98, 100, 102 
Pseudocartilage, 7 

Pseudobranchs, 62, 68 

Pulp, tooth, 34 

Purkinje cells, 104, 110 

Pyloric caeca, 6, 24, 25, 44, 56 

Pyloric stomach, 6, 25, 40, 41 


Rectum, 3, 24, 25, 50 
Receptor cells, lateral line, 136, 138 
Red muscle, 8 


Renal corpuscle, 97 

Renal tubules, 97-98, 100, 102 
Reproductive system, 145-147, 148, 150 
Respiratory system, 62-65, 66, 68 

Rete mirabile, 27 

Reticular cells, thymus, 94 

Retina, 4, 117, 124, 126 

Rodlet cells, 119, 142 

Rods, retina, 117, 124, 126 

Rostral pars distalis, 152-153, 160, 162, 164 


Sacculus, 118, 138 
Saccus dorsalis, 140 
Saccus vasculosus, 3, 32, 154, 160, 176 
Sagitta, 138 
Seales, 14, 18, 20 
Schwann cell (see Neurolemma) 
Semicircular canals, 4, 118, 138 
Sensory cells 

lateral line, 118, 134, 136 

p veal organ, 140 


Sensory papilla, tactile, 132 
Serosa 

esophagus, 25 

gall bladder, 54 

intestine, 25, 44, 48 

stomach, 25, 40, 42 

swim bladder, 27, 60 
Serous cardiac glands, 25, 36 
Sinus venasus, 70 
Skin, 14, 18, 20 
Sino-atrial valve, 32, 70, 75 
Sinusoid 

liver, 26, 52, 78 

kidney, 102 
Skeletal muscles (see Striated muscles) 
Smooth-celled cartilage, 7 
Smooth muscle, 7-8, 70, 71, 98, 102 
Smudge cells, 82, 87 
Somatotropin, 153, 162, 165 
Special sensory organs and tissues, 117-123, 124-143 
Spermatids, 145, 148 
Spermatocytes, 145, 148 
Spermatogenesis, 145, 148 
Spermatogonia, 145 
Spermatozoa, 145, 148 
Spinal cord, 10, 32, 105, 108 
Spleen, 6, 24, 91, 92 


Staining procedures 
hematoxylin and eosin stain, 181-182 


Leishman-Giemsa stain, 182 

Masson's trichrome method, 182-183 

May-Griinwald-Giemsa stain, 183 

peroxidase stain, 183-184 

periodic acid Schiff (PAS)-Orange G-light green stain, 184 
Stem cell, blood, 88, 91 
Stomach 

cardiac region, 6, 25, 38 

pyloric region, 6, 25, 40, 42 
Stratum album centrale, 104, 110 
Stratum compactum 


Stratum fibrosum et griseum superficiale, 104, 110 
Stratum fibrosum marginale, 104, 110 
Stratum granulosum 

esophagus, 25 

externurn, 25 

internum, 25 

intestine, 46, 48 

stomach, 25, 38, 42 
Stratum griseum centrale, 104, 110 
Stratum opticum, 104, 110 
Stratum periventriculare, 104, 110 
Stratum spongiosum, 14, 20, 134 
Striated border, 44, 48, 97, 100 
Striated muscles 

body musculature, 7, 10, 12, 18, 20 

heart, 8, 76 
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Subarachnoid space, 110 
Subcutis 15 
Submucosa 
esophagus, 25, 36 
stomach, 25, 40 
Subocular lymphatic sac, 80 
Supportive tissues, 7-9, 10-13 
Swim bladder, 6, 24, 27, 60 
Synapses, nervous tissue, 104 


Tactile organs (see Neuromasts) 

Taste buds (see Gustatory tissue) 
Teeth, 3, 24, 34 

Telencephalon, 3, 4, 32, 108 

Tenth cranial nerve (see Vagus nerve) 
Testes, 145, 148 

Theca, 150 

Thrombocytes, 83, 87 

Thymic bodies, 91, 94 

Thymocytes, 94 

Thymus, 4, 91, 94, 138 

Thyroid, 78, 153, 166 

Thyreid stimulating hormone (see Thyrotropin) 
Thyrotropin, 153, 164 

Thyroxine, 153 

Tongue, 3 

Trabecular, heart, 70 

Transitional region, stomach, 25 
Transverse septum, 26, 52 

Tunica albuginea, 145 


Ultimobranchial gland, 154, 178 
Urophysis (see Caudal neurosecretory tissue) 
Urinary 

bladder, 6, 24, 97 

duct, 97 

system, 97-99, 100-103 
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Urogenital papillae, 97 
Utriculus, 118 


Vacuoles 
fat (see Adipose tissue) 
glycogen, 52 
Vagus nerve, 108, 112 
van Kupffer cells (see Kupffer cells) 
Vein, 71, 78, 79, 92 
Vent, 24, 50 
Ventral aorta, 71, 78 
Ventricle 
brain, 3, 32, 108 
heart, 6, 22, 52, 70-71, 74 
Venules, 26, 78 
Ventriculo-bulbar valve, 32 
Ventebral column, 6 
Vertebra, 10 
Villi, intestine, 92 
Voluntary muscle (see Striated muscle) 
Vomer cartilage, 34 
Vomerine tooth, 34 


White matter, 108, 110 
White muscle, 8 
White pulp, spleen, 91, 92 


Xanthophores, 14, 15, 22 
X-cells, 27 


Yolk, 150 


Zona radiata, 150 
Zymogen granules, pancreas, 26, 56, 58 
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Waterfowl! and their Wintering Grounds in Mexico, 1937-64, by George B. Saunders and Dorothy Chapman 
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159 pp. 
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Use of Wetland Habitats by Birds in the National Petroleum Reserve — Alaska, by Dirk V. Derksen, Thomas 
C. Rothe, and William D. Eldridge. 1981. 27 pp. 

Key to Trematodes Reported in Waterfowl, by Malcolm E. McDonald. 1981. 156 pp. 

House Bat Management, by Arthur M. Greenhall. 1982. 30 pp. 

Avian Use of Sheyenne Lake and Associated Habitats in Central North Dakota, by Craig A. Faanes. 1982. 
24 pp. 

Wolf Depredation on Livestock in Minnesota, by Steven H. Fritts. 1982 11 pp. 

Effects of the 1976 Seney National Wildlife Refuge Wildfire on Wildlife and Wildlife Habitats, compiled by 
Stanley H. Anderson. 1982. 28 pp. 

Population Ecology of the Mallard. VII. Distribution and Derivation of « \) Harvest, by Robert E. Munro and 
Charles F. Kimball. 1982. 126 pp. 

Management of Seasonally Flooded Impoundments for Wildlife, by Leigh H. Fredrickson and T. Scott Taylor. 
1982. 29 pp. 

Mitigation and Enhanm ement Techniques for the Upper Mississippi River System and Other Large River Systems, 
by Rosalie A. Schnick, John M. Morton, Jeffrey C. Mochalski, and Jonathan T. Beall. 1982. 714 pp. 
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